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ABSTRACT

In certain materials, such as CdTe, it is possible to produce lattice
displacements by a rather unique method, namely, by thermal neutron
induced recoil. Briefly, this process involves capture of a thermal neu-
tron by a nucleus which has a significant radiative capture cross-section

et

). The resulting excited Cd114 nucleus decays to the ground state
through the emission of about 9 Mev of "prompt" gamma rays. Conserva-
tion of momentum requires that the nucleus recoil during de-excitation. If
the recoil energy is large enough, lattice displacements will be produced.

The objective of this investigation is to clarify further the (n, § ) recoil-
defect production in CdTe and CdS by measuring changes in Hall effect, elec-
trical conductivity, and luminescence before and after successive thermal
neutron irradiations. CdTe and CdS were chosen for study because of the
large capture cross-section of cadmium. In addition, radiative capture in
cadmium does not lead to transmutation doping since Cd114 is a stable nucleus,
The Hall effect of n and p-type CdTe and CdS was measured from 4°K to 300°K
after each irradiation. From this data information on the energy levels and
carrier removal rates occurring in these materials is obtained. Lumines-
cence measurements were carried out at 90K over the wavelength range
4700 R to 2.6 microns to ascertain the effect of thermal neutron-induced-de-
fects on the emission bands in CdTe and CdS.

A detailed examination of the thermal neutron induced recoil process

reveals that only the first one or two gamma rays emitted contribute



significantly to the recoil momentum of the Cdl14 nucleus., Hence, the
majority of recoil events produce only one displacement, the Cd114 nucleus
itself. Te (or S) displacements are produced only by those occasional recoil
events in which an initial high energy gamma ray is emitted, The experimen-
tal evidence obtained in this investigation corroborates this picture of the re-
coil process.

Electrical measurements reveal that the Hall coefficient and resistivity
of n and p-type CdTe and CdS increase with irradiation over the entire tem-
.perature range. Analysis of these results indicates that, during the irradia-
tion of CdTe, approximately one Cd, (cadmium vacancy) and one Cdi (cadmium
interstitial) are introduced per absorption event while Te defects are produced
at a much slower rate. Annealing of these defects occurs during irradiation
but not at room temperature after irradiation. The defects anneal out between
160°C and 200°C.

Electron removal in CdS as a function of the number of absorptions is also
explained by the presence of isolated cadmium vacancies. However, it must
be assumed that a large excess of Cd defects were present before irradiation.
This agrees with the well-known fact that CdS is difficult to produce in exactly
stoichiometric proportions.

Luminescence measurements on CdTe show that thermal neutron irradia-
tion causes a decrease in emission intensity over the entire wavelength range.
By a comparison with CdS, the changes in edge emission are explained by
identifying the Te interstitial as the edge emission center. In accordance
with Hall measurements on p-type CdTe, the identification of a bound exci-
ton emission band leads to an assignment of an energy level at E_, + 0.20 ev

for the cadmium vacancy.

xi



INTRODUCTION

In certain materials, such as CdTe, it is possible to produce
lattice displacements by a rather unique method, namely, by thermal
neutron induced recoil, Briefly, this process involves capture of a

thermal neutron by a nucleus which has a significant radiative capture

113 114

cross-section (Cd™""), The resulting excited Cd™" nucleus decays to
the ground state through the emission of about 9 Mev of "prompt"
gamma rays. Conservation of momentum requires that the nucleus re-
coil during de-excitation. If the recoil energy is large enough, lattice
displacements will be produced.,

The analogy of this process in the field of chemistry, the Szilard-
Chalmers (1) reaction used in 1934 to separate iodine from ethyl iodide
by thermal neutron irradiation, is well known. Recoil damage in solids
was first discussed by Schweinler (2) and later by Walker (3) who demon-
strated that exposure to a typical reactor-neutron spectrum results in
significant (n, §) recoil damage for certain elements., Oswald and Kikuchi
(4) studied recoil damage in CdS in detail and found that the ratio of the
number of displacements produced by thermal neutrons (recoil process)
to that produced by fast neutrons is approximately 1. 8 ($th /¢F) where ¢th
is the thermal neutron flux and ¢F is the epi-thermal or fast neutron flux.
A typical value for the cadmium ratio (¢th/¢F) is 10 so that one can expect

significant damage from the recoil process according to the ratio found

by Oswald and Kikuchi.



The objective of this investigation is to clarify further (n, X) recoil-
defect production in CdTe and CdS by measuring changes in Hall effect,
electrical conductivity, and luminescence before and after successive
thermal neutron irradiations. CdTe and CdS were chosen for study be-
cause of the large capture cross-section of cadmium,. In addition, radia-
tive capture in cadmium does not lead to transmutation doping since Cd114
is a stable nucleus. The Hall effect of n and p-type CdTe and CdS was
measured from 4°K to 300°K after each irradiation. From this data infor-
mation on the energy levels and carrier removal rates occurring in these
materials is obtained. Luminescence measurements were carried out at
9°K over the wavelength range 4700 K to 2.6 microns to ascertain the effect
of thermal neutron-induced-defects on the emission bands in CdTe and CdS.

A theoretical analysis and review of neutron damage in CdTe is presented
in Chapter 2, Chapter 3 is devoted to a discussion of the experimental pro-
cedures used in making the electrical and optical measurements and the irra-
diations. The results of these measurements are given in Chapter 4. Analy-
sis and interpretation of the results, which are summarized below, are car-
ried out in Chapter 5,

A detailed examination of the thermal neutron inauced recoil process re-
veals that only the first one or two gamma rays emitted contribute signifi-

cantly to the recoil momentum of the Cd114 nucleus., Hence, the majority

d114 nucleus itself,

of recoil events produce only one displacement, the C
Te (or S) displacements are produced only by those occasional recoil events

in which an initial high energy gamma ray is emitted, The experimental
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evidence obt ained in this investigation corroborates this picture of the
recoil process.

The results indicate that, during the irradiation of CdTe, approxi-
mately one CdV (cadmium vacancy) and one Cdi (cadmium interstitial)
are introduced per absorption event while Te defects are produced at a
much slower rate. Consequently, the number of displacements produced
per recoil event is about one. Soon after their creation the Cdv's and Cdi's
trap out electrons and holes, respectively, and move through the crystal
and recombine with each other, Electron trapping and defect motion are
enhanced by the presence of gamma rays from the decaying Cd114 nuclei,
Although annealing does not occur at room temperature after irradiation,
it does occur between 160°C and 200°C according to electrical measure-
ments on p-type CdTe,

Electron removal in n-type CdTe as a function of the number of recoil
events, R, is properly described by the equation,

nr(; z n% tanh (XR)

where ng is the number of electrons removed per cm3, n(e) is the number of
electrons per cm3 available from the shallow donors before irradiation and
7is a constant. The derivation of this equation is based on the assumptions
that (1) the cadmium vacancy concentration is approximately equal to the
cadmium interstitial concentration and (2) the CdTe samples are of near-
stoichiometric proportions,

As predicted by the ratio Ny /NF derived in Chapter 2, the effect of the

fast neutron flux present during the irradiations is small compared with



the recoil damage,.

N-type and p-type CdTe do not change type after long irradiation.

This is similar to the behavior of silicon after fast neutron irradiation.

Neither the Cd,, nor the Cd; possess shallow energy levels near the
band edges although the Cd,, may be at E, + .15evorE, + .20ev.
However, both defects possess deep energy levels in the band gap which
act as non-radiative recombination centers., This follows from the obser-
vation that the emission intensity decreases with increasing irradiation
time. The assignment of the Te interstitial as the edge emission center
agrees with the energy level position of the Te interstitial as E, + .06
ev and also with our hypothesis that Te defects are produced in negligible
quantities by the recoil process. The results are also in accordance with
the assignment of the Pedrotti model (see page 96) as the edge emission
mechanism.,

After long irradiation times, a bound exciton band at 1.575 ev dominates
the exciton recombination region, This fact leads to an assignment of the
E, + .20 ev level to the Cd,,.

Electron removal in CdS is also attributed to the introduction of iso-
lated cadmium vacancies. However, electron removal as a function of
R =3, must be analyzed on the basis that a large concentration of excess
cadmium was present before irradiation. This agrees with the well-known
fact that CdS is difficult to produce in exactly stoichiometric proportions.

Consequently, for CdS, the cadmium interstitial concentration is



a constant and the equation for electron removal is

—2.2x10 'R

- 4.5 x 109 (1-e )

nI‘
e

The effect of (n, ¥) recoil on the edge emission in CdS is exactly analo-
gous to that in CdTe, The observed behavior can be explained in terms of
the Pedrotti model of the edge emission with the S interstitial as the edge

emission center,



II. NEUTRON DAMAGE IN CdTe AND CdS

In Section 1 of this Chapter the rate of defect introduction is calculated
for fast neutrons. The number of defects produced per absorbed neutron
is calculated in Section 2 and compared with the fast neutron defect intro-
duction rate calculated in Section 1. This is followed by a literature review
of thermal neutron induced recoil in CdTe and CdS.

The most important result obtained in Sections 1 and 2 is that the number
of defects produced in CdTe by thermal neutron induced recoil is about 40
times the number produced by fast neutrons when the ratio of the thermal
neutron flux to the fast neutron flux is 10, Based on this result we can pro-
ceed to do experiments which will reflect essentially, only the results of
thermal neutron induced recoil,

1. Fast Neutrons

The expected number of displacements produced by a fast neutron flux,
¢F’ in a material with displacement cross—sectionzd is (5)

N ¢r =4 V(K) displacements/cm? . sec,

F -
where Y (K) is the average number of displaced atoms which will result
from the transfer of energy K to a lattice atom at its lattice site. For an

elastic collision the maximum energy of the displaced atom or primary

knock-on is

K = 4A E
max A +1)2

where A is the ratio of the nuclide atomic mass to the neutron mass and E
is the neutron energy. Assuming that the average neutron energy, Eln, is 1

Mev, and that scattering is isotropic in the center of mass coordinate system

6
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(CMCS), the average energy of the primary knock-on is

K max 2x10°

:_2_~ A , Kev

for heavy nuclei. The average number of defects produced per primary

knock-on is (5)

0 K<Ed
_ 1 , EaﬁKS.Z Ey4
V(K) =
K ) 2Ecl ¢K S E;
2E4
E; ! K> Ej
ZEJ

where Ed is the minimum or threshold energy of displacement. If the vel-
ocity of the primary knock-on is large compared with that of the orbital elec-
trons of the stationary atoms, then the knock-on will dissipate its energy
through ionization. Below a certain energy the knock-on will lose its energy
primarily through displacement collisions. In reality, this energy is not

sharply defined. However, a cut-off energy, E:, is usually assumed (5).

i’
Below E;, the primary knock-on loses energy only by collisions, E. has been

estimated as (6)

E; - M Eg
me8

where M is the mass of the primary knock-on, m is the electron mass and

E, is the energy gap (1. 45 ev in CdTe). Now for E, =1Mev and Ag = 112

d
K - 18 Kev

and
E; = 37.4 Kev

Therefore, K is less than Ei' In CdS, E _ is about 8 ev (7). Using this

d



value,

Al

V= - 1.13 x 10°
2B,

displaced atoms/primary knock-on

Assuming thatZ 4 = &,

N
F

For CdTe, Zg:- .186 cm™! (8) and

(bFZSl.lB x 103 displacements/cm® sec,

Np = 210 ¢F displacements/cm® , sec in CdTe. (1)
The above calculation is inaccurate because scattering off heavy nuclei is
not isotropic in the CMCS for neutrons with energies > several hundred Kev
(9). In this range, forward scattering predominates, This leads to an overall
reduction in the energy transmitted to the lattice through collisions and, conse-
quently, in the number of defects produced. Also, the calculation is more
accurate if one uses a neutron energy spectrum characteristic of the reactor

instead of an average energy, E. .
To begin the calculation, we adopt a scattering frequency function which
takes p-wave scattering into account (10):

(MO 12 (1 agh dp

f (/L')J/u' - the probability that a neutron is scattered
intodltlabout /u.’

where ,uf: cos of the scattering angle in the CMCS and a = constant which
determines the strength of p-wave (that is, neutrons with angular momentum

s

£ = 1) scattering, From conservation of momentum and energy (10),

E, = a2 (A2 + 2004 4 1)

where En = neutron energy before collision, E, = neutron energy after colli-

sion, and K = energy of struck nucleus after collision. (target nucleus at .



rest before collision). Since K = E - E1

2
K = E, |[1- (A° + 2a'A+1)| =2AE, (1 - A') (2)
’ [ (At D2 ] " ETD?

1 1
For a givenE , K depends only on Ml Therefore,

3

f(K) dK = f(/k')

2
From equation (2) OM ' | = (A+1)
l oK 2AE

and, substituting for/uL’ from equation (2),

2
2 (A+1D° K
(A+1) + A+ Kk
f(K)dK = YAE 1+ a2 (1 )]

To find a, one calculateslﬁ.', the average of the cos of the scattering angle

in the CMCS, 1 1 ‘
/I' = J'lﬂ' f(/A') d/l.' = 1/2[1 /L'(1+a/(') d/-L' = "%"

Therefore,

- 2
(K)dK = (A+D? |1+3R f1-(A+D° K \[px @
4AE, 2A E, »
This is the same as the result stated by Schweinler (11).

To find &', ' is averaged over the differential scattering cross-section
Fo K e

(12): J()’S(o) cos® sin® d@

/i' = ~CO080 (4)

J G0 sine a6

To evaluate the integrals, O (0) is expanded in terms of Legendre
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polynomials (13):
n

T 6) - LZ By, P, (cos®)

The coefficients BO’ Bl’ B2’ B3 are given for Cd in reference (13) over

the neutron energy range, 0.2 to .85 Mev, To use these coefficients, we
assume that the curves given for the BL's are valid at higher energies and
that the BL's given for Cd can also be used for Te, The first assumption is
reasonable because BO and B1 both approach constant values at the high ener-

gy end. In reference (13), B, 's are also given for other elements with A

L
near 100, The BL's have about the same values for all four elements studied.

Since A for Te (127, 6) is also near 100, the second assumption is reasonable.

Substituting in equation (4),

1
, Z BLJI PLipp dp

Since

/4' = Pl(/L') and Pb(/;.'):l

and
Py (u)P' (u) d = LL!
L L —_—
one obt ains

i =(203) B . B

2B0 3Bo
is 0.58 barns/sterad over the entire energy range,

From reference (13), B0

B, is roughly exponential in form and can be fitted by the following equation:

B

L= 0.666 - 0,935 exp [-6.3 Er:;l, E, in Mev

0 for E Lapproximately 54 Kev
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Therefore,

-l

Ji'= 0.383 - 0.537 exp [-6.3E,]. E_inMev
= 0, E_<£54Kev
n
The number of primary knock-ons produced per sec, per cm3 with ener-
gies in dK about K by neutrons with energies in dEn about E, is
2.s(E,) PEPIK dK dE,
where the previous equation for /u' is used in f (K). To find the number of
displacements produced by these particular primary knock-ons, one must
multiply by V(K) (see page 6). Harrison and Seitz (14) give an expression

forT)(K) which is more accurate than that used earlier:

V(K) - 0.56 <5E*d—Ed>

An expression for the total number of displacements produced/sec. per

cm3 can now be written:

Np = L jK VK SE ) PEYI(KIIKAE, (5

n

with the following restriction on the limits of integration:

0& K <4AE /(A +1)?
or O0<K <4E, /A for heavy elements such as Cd. The integral for Np must
be broken down into four parts because the functions contained within the inte -
grand do not have the same form over the entire energy range. The lowest
energy region extends from En = AEq /4 to Erl = 54 Kev., The lower limit is
the minimum neutron energy which will result in the transfer of K = Ed ev

to the struck nucleus and, therefore, produce a lattice displacement, 54 Kev

is taken as the upper limit because ,«_U is non-zero above this energy.
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The microscopic scattering cross-section, G's, for Cd and Te equals
about 6 barns (8) from 300 ev to 10 Mev neutron energy. Resonance scatter-
ing is ignored because most of the resonances for Cd and Te lie below
E = AEgq/4 = 224 ev (for E4 = 8 ev) (8).

Within a few centimeters of the core face the flux varies exponentially
with E, (15) for E 21 Mev:

¢(En) - e 2By

where AE; /4 = 1.05 Mev < E_ €12 Mev and a = 6, 62 x 10°% for E,, in Kev.
By analogy with the Bulk Shielding Reactor at ORNL, which is very similar
to the FNR, a 1/E, spectrum is assumed to exist in the Kev neutron energy

range (16) (17):

$E) - C/E,

Since the two forms of ¢ (En) must be equal at 1. 05 Mev,

C -4 3
= exp| -(6.62 x 10 *) (1,05 x 10*)
1.05 x 103 & exp [ ( X ( * ]

and &« = 1.91 x 1075

C
C is found by relating the flux to the activation of a Cd covered gold foil. If

the Cd-cutoff energy is assumed to be 0.4 ev, then

A
Ag = NW f Ga ¢ (E,) (Ep) dE
0.4

where A, is the saturated activity of a Cd-covered gold foil in units of

sec™l

gm'l and N is the number of atoms per gram of foil. The activation
can be divided into two parts, that due to the gold resonance at 4.9 ev and

the remaining 1/v region:
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(24 o0
Au Au
Agq = N,C / O ey By + IOZ (Ep) dE
0.4 E, res,, 0.4 E,

1/v.

The values of these two integrals are given by Price (18):

Acd = NWC [1, 558 barns + 48 barns]

Solving for C,
C =0.204 A4

and
$((E) = 0.204 A4/E, (6)

Since the samples were irradiated in boron nitride containers, ¢(En) must
be modified in the low energy range(AE4/4 to 54 Kev) to take into account

the (_‘17_) absorption cross-section of boron:

¢' (En) P —E— e'X za(BN) = C _Xb/‘/_f-g.n

—_— €

n En

where x is the wall thickness of the boron nitride (BN) container.
The equation for the number of displacements produced by neutrons in

the energy range, AE 4/4 to 54 Kev is

AEg/4 Ey Ej n ‘ 4E

In the second neutron energy region, from 54 kev to AE; /4 = 1,05 x 103

) 4 E /A -xb/VE, .
N :ZSJ\s dE, f 0.56(K+Ed)_c_ e A _dK (7)
E

Kev, ,TL' is no longer zero and f (K) dK must be used in its complete form,
The upper limit, AE;j/4, is the cutoff for the I/En spectrum and also for the
value of v(K) used in Nkl_ and ler' Because O-a for BN is much‘smaller at
these higher energies, the 1/E,, spectrum is no longer modified by e_xzd(BN)

The number of displacements produced in this energy range is,
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E;/4 4E /A

2 S n

Np =2\ dE, jo.se K+ Eq C A |1+ 3.(0.383—
54 Eq Eq E 4E

n

3

-6.3x10 ° E))
-0.537e - AK }|[dK (8)
2E
The third neutron-energy region, from AE;/4 = 1.05 x 10° Kev
to EMaX 12 Mev, must be subdivided into two portions because the
primary knock-on dissipates its energy, K, by ionization for K>E;.

Therefore, for K>Ei

V(K) = 0.56[E{ +Eq n, 0. 56 Ej

However, a neutron in the energy range, AEi/4 to £, can transfer an
amount of energy, K, to a knock-on which is either greater than E; or

less than E;. Consequently, one must integrate over the range of K from

max

n In

Ej to E, and over the entire neutron energy range, AEi/4 to E
addition, one must integrate over the K-range, E; to 4E, /A and, again,

over the entire neutron energy range. In both terms, the flux is given

by the exponential form:

max
£y -aE
3 n #n 1+ 3(0.383-
N :EsjdE/n 0. 56 (K+Ed o e A J1+3(o0.
AEi 4 Ed Ed ; 4En
-0.537¢ 8- 3¥10 "En\ i _ Ak \[ak (9)
2E,
max
L3 Ao En/A -akp 1 0.383-0.537 (x)
NF =< dE 0.56 E]- e A + 310. . X
Ed 4En
AE. /4 YE. -3
i i (x) o 6- 310 En) i AK)dK (10)
SE_

The result for the total number of displacements is

Ng :NI17‘ + NIZT +NF3 +-N];3 :"(12. 7 + 115 + 218 + 179)C = 525C disp. /sec. cm3
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The first term in the preceding equation indicates that a small percentage
of the displacements is produced by neutrons with energies less than 54
Kev. Details of the calculation show that the largest contribution comes
from neutrons in the range 0.5 to 2 mev. Also, the number of displacemerts
produced by neutrons with energies greater than 6 Mev is negligible because
of the low flux above this energy.

The importance of taking p-wave scattering into account (,TL" ¢ 0) can
be illustrated by calculating N% for /47\' = 0. The result is

Nﬁ (A" =0) = 234C

as compared with Nlrf: (/1' # 0) = 115C. This is the result one would expect
since predominant forward scattering (ITI' # 0) will result in lower energy
transfer to the struck nuclei. In terms of the saturated activity of a Cd-
covered gold foil; Np is

Np = (525) (0, 204) Acd = 107 Acd (11)

2, The rznal Neutrons

The production of lattice displacements by thermal neutrons begins with

the reaction,

ca®® 4 np—led ] — ca™ 4 ¥ (9. 04 Mew)

Oswald (4) showed that the product of the abundance and the cross-section
for the remaining Cd isotopes and all the S isotopes is negligible compared

to cqll3

. In CdTe, the cross section of Te (O, = 4.7 barns) is significantly
larger than that of sulfur ( Ua = 0.52 barns). However, the major portion of

the absorptions in Te will yield other stable Te isotopes. The added number
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of recoil defects produced in this manner is negligible, compared to the

113

expected number of defects from Cd Te126 is the only Te isotope with

a non-vanishing cross-section that will lead to transmutation doping. For
this isotope,
O:; x % abundance %0, 2 barns

and

Tel26 4 nen Tel27 ; 3(3}'1 1127
. r

A rough calculation shows that an (nvt)), of 1016 neutrons/cm2 will result

13 127
I1

in3 x10 nuclei/cmg. As will be evident from the following discussion,

this is much smaller than the expected number of recoil defects. However,
it is conceivable that 1127 doping could have some influence, This will be
discussed further in a later section.
Having established that the Cd113 reaction is the major process, one can
114

proceed to calculate the recoil energy of the Cd nucleus. Assuming that

only one gamma ray is emitted, the recoil energy E can be calculated

r E

from conservation of momentum:

h
Peg = VU = EX
c c
and 5
EI‘ = Pcd2 = EU (12)
2Mcq 2Mg ¢ 2
2 114
Er (ev) - 4.71 Ey (Mev) for Cd
For

Eg = 9. 04 Mev,

E,. =385ev
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However, the excited Cd114 nucleus decays to the ground state
through the emission of a complex cascade of gamma rays. Assum-
ing that
1. The gamma rays are all emitted instantaneously. That is, the
nucleus leaves its lattice position with a momentum which is fhe
negative of the vector sum of all the gamma ray momenta,
2. There is no angular correlation between the gamma rays; the
gamma emission is isotropic,

Schwinler (11) calculated the average recoil energy to be:

E = 1 E f(Ey;) Ez.
r W - xl xl

where f (Eli) is the emission probability of the ith gamma ray.

Oswald (19) calculated Er from the above equation as 35.4 ev. Because
much of the gamma ray energy emitted is not resolved, the continuous
distribution of emitted gamma rays (20), shown in Figure (1), yields a
more accurate value of Er' In this case, the summation goes over to

an integral:
_ Emax 9
E. = 1 f f(Ey) By dEg (13)
2M_ c2
0

Oswald (19) obtained E. = 143 ev from this equation which agrees with
the value calculated by Coltman (21) (B, - 133 ev) in his study of re-
coil damage in Cd metal, Since Eq = 8 evin CdS (4), recoil damage
should result in multiple displacements in CdS and CdTe, |

The mechanics of the recoil process merit further discussion becau‘se
of the assumptions made in calculating E,.. Recall that the gamma emis-

sion was assumed to be instantaneous. This is correct if the lifetimes
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of all the excited states are short compared to the collision time of the
recoiling atom with its neighbors. However, assuming a collision dis-
tance of about 1 2\, the collision time, t, for a recoiling Cd114 nucleus with

a kinetic energy of 10-20 ev is given by

E kinetic (Mev) _ Mcgq Vc2:d
0. 51 2 mecz

or
-8 -
10 - 10 ~ 2x10 14se

- I~

o I (U
t = veq 2C<Ek me )1/2

c.

A mp
where (me/mp) is the electron to proton mass ratio and Ved 1S the velocity

of the Cd114 nucleus. Now, the lifetimes of some of the lower excited states

are (22):
I.evel Lifetime
0.556 Mev 9.2 x 10712 sec
1. 210 L7 x 10712
1. 36 1.3 x 10712

The lifetime of the higher excited states is estimated using the level width,

l—l

rad, of the Cd resonance which is about 0.1 ev:

. . Tl ~ 10"15 _ ‘14 N
L1fet1mez—l?ad o~ 10° = 10 sec,

Consequently the collision time is less than the prompt gamma lifetime
except for the highest excited states.
The maximum of the energy distribution curve of the gamma rays emitted

by the excited Cd114 nucleus is at approximately 2 Mev., As indicated in
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Figure (2), because of the short lifetime of the highly excited states it is
quite probable that two 2 Mev gamma rays will be emitted before the first
collision takes place. Following this, the Cd114 nucleus will emit gamma
rays intermittently as it travels through the crystal colliding with other
nuclei as shown on Figure (2). The momenta of the gamma rays emitted
between collisions are treated separately and, hence, are uncorrelated with
respect to the recoil momentum of the Cd114. The later gamma rays will
also possess lower energies of approximately the same value as the minimum
gamma energy required to cause a displacement, Consequently, they will not
contribute significantly to I_EJI. and the recoil energy will be determined by the
two 2 Mev gammas emitted initially. Using a similar approach to calculate
the recoil energy, Walker (23) excluded all gamma rays whose energy was
less than 1/2 E max and integrated over the continuous distribution given in
reference (24) from 1/2 E" 2% to g%

lower than the value of 143 ev calculated by Oswald (19). Consequently, if one

considers only the first two 2 Mev gamma rays emitted, the recoil energy, Er

>

is 4. 71 (22 + 22) = 37 ev. Assuming that the number of displacements is
given by Er /2Ed, and that Edz 15 ev for CdTe, we can expect only one dis-
placement, the recoiling Cd nucleus itself.

Concerning the validity of the second assumption, that is, isotropy of
the emitted gamma rays, Brazos (25) demonstrated that directional correlation
does exist between the 0. 722 Mev gamma and the 0. 556 Mev gamma in Cdu4.

In Brazos' experiment, E  would be less than Ey. because the coincidence

counting rate increased as the angle between the gamma rays approached

to obtain E. = 48 ev which is significantly



21

Cadmium
Vacancy Nin

o

Cadmium Interstitial

Fig. 2. Uncorrelated (n, K) Recoil Mechanism in a CdTe Crystal
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180°. Although the angular correlation is not known for most of the
emitted gamma rays, an analogy with the higher excited states could also
exist,

To summarize, the general picture is that only Cd displacements
occur for the majority of recoil events as shown in Figure (2). For those
less frequent recoil events when an initial high energy (5-9 Mev) gamma
ray is emitted a larger number of displacements are produced. Therefore,
from a theoretical viewpoint, one expects more Cd than Te defects.

Because of flux depression, the value of the average thermal neutron
flux ¢, within the sample is needed to calculate the total number of defects,
For a thick foil the average absorption rate can be approximated by (26):

Zabx %_S cm_3 sec 71 (14)
where d is the sample thickness and ¢s is the thermal flux at the foil (sample)
surface. 428 is determined from the activation of a gold foil placed near the

sample:

@ = 3.73(A, -A (15)

cd)

where At is the saturated activity of a bare foil and A,.q is the saturated

h

activity of a Cd covered foil. The coefficient, 3.73, is equal to {’th/NWO;oVo
where ‘-'th is the average speed and Vo is the peak speed for a Maxwell-
Boltzmann distribution, G

a0 18 the gold cross-section at the neutron energy

corresponding to Vg . Therefore,

Z. ¢ - 3'(173 Ay - ALy (16)

Now, the total number of displacements produced/cmsl sec is

Ny = V(E) = ¢ = 0.56 (E"-éTEd)Zi

a
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Using the value of E. calculated by Oswald (143 ev) and Ed = 10 ev,

N
th = A (17)

th - 31. 9 (A
d

A typical sample thickness is d = , 025" - ,0635 cm. For this d,

N,, =503 (Ath - AC

th ~ d)

Recall that the number of displacements produced by fast neutrons is

NF = 107 ACd
Therefore, the ratio of Nip to NF is
N
_Lh = 4 - 1)
Np -7 (Req (18)

where RCd is the cadmium ratio. For example, if RCd =10

Nth

—~—— = 42.3
Ng

From the point of view of simple damage theory the number of dis-

placements produced by thermal neutron induced recoil is

Np = Z BV
For CdTe, (,(Cd) = 2450 barns (8) and
N -1.55 % 1022 atoms Cd/cm3
Therefore,
Z,: NO, =380 cm!
Also
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Then
Ny, = (38.0) (¢, = 266 Py

For simple damage theory,

Nih = 266 N = 127 P (19)
Ng 510 ‘%‘b"F %F

If @, /Pp = 10, then Ny, /N = 12.7 which agrees with the ratio of

Nip, to N calculated by Walker (23). The major source of disagree-

ment between this value and the more exact estimate (42, 3) is the difference
between the fast neutron spectra used in each calculation. In both cases,
however, the predicted value of Ny /NF indicates that thermal neutron in-
duced recoil damage is the predominant effect for R.q = 10.

Discrepancies between the theoretically predicted N;p, and the experi-
mentally determined rate have been found for several materials after thermal
neutron irradiation. This can be attributed to defect annealing during irra-
diation, We will show that this explanation can account for the results
observed in this study. Irradiation annealing was demonstrated by Coltman
(21) (27) who irradiated cadmium metal with thermal neutrons at 4. 2°K and
found that annealing takes place even at this low temperature. As expected,
the experimental damage rate was less than that predicted by Coltr;)an (21).
Similar results have been found in silicon and germanium, The possibility
or producing thermal neutron induced recoil defects in Si and Ge was first
discussed by Schweinler (2). In an experimental study of Si, ChukiéheQ
(28) found that the experimental electron removal rate was only 25% of the
predicted removal rate after room temperature irradiation, Cleland (29)

found that the removal rate was only 1/10 the calculated introduction rate
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in Si and Ge. Later, Cleland, et al(30) showed that the removal rate
approaches the predicted defect introduction rate as the irradiation tempera-
ture is lowered. This is evident in Table (1) which is from this paper.

TABLE (1)

Carrier Removal in Various Materials Due to the
(n, ¥) Recoil Process

Kine- Calcula- .
Number of |tic | ted Carrier Net dn/dN, | Number and
al bsorpti mofl Number| Irrad. | Concentration| After Room Type of
Materi a ;,P ons l{y il | of Fren- | Temp.|  Change Temperature | Transmuta-
(N 0c01 kel (dn/dN ,) Anneal tions
©V) | Defects
n-type Ge 0.108 nvty, 182 6 40 °C(— 1.0 0.12 Ny = Na.
0.3 N.= Nga
195°Ki— 1.7t0 — 2.0/ — 1.7to — 2.0
78 °Ki--20to — 2.5|—1.0to — 1.3
n-type Ge74 0.038 nve,y, 150 5 40 °C{+ 0.10 0.76 N4 = Na,
78 °K|— 1.7to — 2.5{+ 0.5to + 1.0
n-type Si 0.007 nvty, | 780 26 40°C|{— 20 004N, =N,
78 °K|— 3.7 — 1.8
n-type GaAs | 0.14 nve,y 160 5 40°Ci— 3.0 0.33 Ny = Nge
: 0.66 Ny = Na,

Thermal neutron induced recoil defects in CdS have been studied by
Cleland (31) and Chester (32) and more extensively, by Oswald (4) (19)
(33). Cleland (31), and also Chester (32), found a 10 to 25% reduction in
electron concentration after irradiation with an electron removal of Aonly
0.1 per absorption event. About 60% of the damage annealed out after
23 hours at 100°C,

Oswald (4) (19) (33) investigated the effect of thermal neutron induced
recoil defects by measuring changes in emission spectra, electrical con-
ductivity and photoconductivity of CdS. Measurement of emission spec-
tra at 77 K showed that both the blue exciton emission and green edge
emission decreased in intensity with thermal neutron irradiation. This
was accompanied by the appearance of a broad emission band at 7200 R

which increased in intensity with irradiation. Similar effects were
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observed for fast neutron irradiation, but at a much slower rate, These
changes were observed in both conducting and insulating CdS crystals.

Oswald (4) (19) also measured the changes in conductivity of low re-
sistivity bulk and platelet crystals at 295°K and 78°K as a function of
irradiation. The conductivity of the bulk crystals, which was higher
at 78°K than at 295°K before irradiation, decreased with irradiation.
After (nvthp = 3 x 1016 cm~2, the temperature behavior of the conduc-
tivity was inverted. Measurement of the conductivity at various temp-
eratures after further irradiation (total = 1.2 x 1017 neutrons/cmz) re-
vealed an energy level at E. - 0.5 ev where E. is the bottom of the con-
duction band.

Following exposure to thermal neutrons at BOOC, Chester (32) showed
that high purity n-type CdTe invariably changed to p-type. However,
Urli (34) found that p-type CdTe converts to n-type with a shallow donor

at Ec - . 02 ev following thermal neutron irradiation.



III. EXPERIMENTAL PROCEDURE

3. Electrical Measurements

Undoped Cadmium telluride from several different sources was used
in this study. §

In all cases, the CdTe was received as an ingot. The diameter varied
from 5 mm to 10 mm while the length of the ingots varied between one and
three inches. The ingots were cut into wafers about 3 mm thick with a Dimet
diamond saw. Cutting was done at a very slow rate (approximately 45 minutes
for a 10 mm diameter ingot) in order to avoid fracture. Tn cases where the
plane of the cut was nearly parallel to a cleavage plane, fracture occurred
quite easily. The wafers were then mechanically polished on both sides to
a thickness of . 015 to . 025 in. After polishing, grain boundaries and twinn-
ing planes were plainly visible. For electrical measurements, wafers with
large single crystal sections were selected so that the finished sample would
be a single crystal. Samples containing twinning planes could be used since
Kroger (35) has shown that these planes do not perturb the electrical charac-
teristics of the crystal. The wafers were mounted on a glass plate and sam-
ples of the shape indicated in Figure (3) were cut out using an S.S, White
sandblasting machine. In this machine, a mixture of fine abrasive and CO2
was forced through a nozzle whi;:h has a slit about 1.5 mm long. After remo-
val from the glass plate, the sample was given a brief, fine polish and wash-
ed in ethyl alcohol. The samples were then etched in a room-temperature

solution of 70%, by volume, potassium dichromate and 30% concentrated

We are indebted to R.E. Halsted of G.E. Research Lab, for generously
supplying n-type CdTe crystals for this study.

27
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sulfuric acid (36).

Electrical contacts were made to n-type CdTe using the procedure
given by Segall (37), The arms of the sample were rubbed with a Hg-In
amalgam in order to wet the surface and thirty-two gauge copper wires
were then soldered on with indium solder. This method provided good
Ohmic contacts,

Achieving Ohmic contacts on p-type CdTe was somewhat more difficult,
Immediately after etching, the sample arms were dipped in a dilute solu-
tion of AuCls. A saturated solution was not used because the bond between
the sample and the gold film was stronger if the gold plated out slowly.
Copper wires were soldered to the gold film with a low temperature solder
(melting point = 100°C) available from Jensen Tools and Alloys, Phoenix,
Arizona. Those samples which had Ohmic contacts at low temperatures
were selected for measurement,

In the case of CdS, Hall samples were prepared from bars purchased
from Harshaw Chemical Company. Electrical contact was made by solder-
ing copper wires to the sample with In solder.

Because of the possibility of annealing during soldering, it was desirable
to leave the contacts on the sample during irradiation. For this reason,
the samples were mounted on polyethylene blocks, 1"x 1/2" x 1/8" as
shown in Figure (3). Polyethylene was selected because of its good radia-
tion resistance. The sample was held in position by bending the copper

leads and melting them into the polyethylene block. This allowed handling



30

of the sample without endangering the contacts, Also, expansion or con-
traction of the polyethylene block with temperature did not affect the sample.

Hall effect and electrical conductivity measufements were made using
standard D, C, methods. The current passing through the sample was moni-
tored with a Keithley micro-micro-ammeter having a range of 10-3 to 10-12
amps. Hall and resistivity voltages were measured with a Leeds and
Northrup K-3 potentiometer and a Leeds and Northrup null detector. At
low temperatures, or after long irradiation times, the resistivity of the
samples was often quite large and it was necessary to measure Hall and re-
sistivity voltages with a Keithley electrometer having an input impedance of
1014 ohms. The magnetic field for the Hall measurements was provided by
a 6 in. Varian magnet. The maximum field was 3. 90 kilogauss with a 4 in,
air gap.

The general features of the cryogenic system used for Hall measurements
are shown in Figure (4). The system consisted of an outer nitrogen jacket,
a helium dewar and a third inner dewar. At temperatures between 4°K and
770K, the annular vacuum space of the third dewar was partially evacuated
so that heat transfer between the sample compartment and the liquid helium
was minimized. This procedure provided good temperature control and con-
served liquid helium in the range, 4°K to 77°K. The sample holder, which
was placed in the third dewar, consisted of a stainless steel tube attached
to a flange at the top and to a copper plate at the bottom. Twelve electrical
leads were connected to a vacuum header mounted in the flange, and then

passed down through the tube to lavite connector blocks mounted on the
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copper plate. The polyethylene block, with its sample, was attached
to the copper plate between the lavite blocks with vaéuum grease,
Sample heating was accomplished with wire wound heaters mounted on
the top and bottom of the copper plate. The flange at the top was fitted
with an O-ring seal so that the sample compartment could be pumped‘on
or filled with 1-10 mm Hg of helium exchange gas to ensure a uniform
sample temperature. From 70°K to BOOOK, the temperature was measured
with a copper-constantan thermocouple placed near the sample while a cali-

brated germanium resistance thermometer was used below 70°K.

4. Optical Measurements

A. Emission

Emission samples were prepared by cleaving a portion of the ingot
near where the Hall samples were cut. CdTe cleaves rather easily so that
relatively large cleaved surfaces could be obtained for emission measure-
ments. The samples were irregular in shape with the cleaved surfaces
varying roughly from 8 mm x 8 mm down to about 2 mm x 2 mm.

A few emission spectra were also taken on platelet and bulk crystals
of CdS. The emission samples were not from the same source as the Hall
samples,

With the exception of the dewar system, the equipment used for the
fluorescence measurements, shown in Figure (5), was essentially the

same as that used by Oswald (19) in his study of CdS. 'The crystal was
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excited with the 3650 .R line from a super high pressure mercury lamp.
This line was isolated with a Corning 7-51 filter and a CuS04 solution,
After being modulated by a 90 cps mechanical chépper, the emitted light
was focused on the entrance slit of a Bausch and Lomb monochromator.
This instrument could be fitted with either one of two gratings, a grating
with 600 lines/mm blazed at 7500 K or a grating with 300 lines/mm

blazed at 2 microns. With the first grating, the monochromator produced
a reciprocal linear dispersion of 30 X/mm; with the second, 60 R/mm.
Emission spectra were taken over the wavelength range, 7600 Rto 2.6
microns, The first grating was used from 7600 K to 1. 4 microns; the
second from 1. 3 microns to 2. 6 microns. Light detection was also divided
into two ranges. A cooled RCA 7102 photomultiplier tube having S-1 re-
sponse was used from 7600 R to 1. 0 micron while a Kodak Ektron PbS de-
tector was used in the remainder of the range. The signal from the detec-
tor was fed into a Princeton Applied Research lock-in amplifier. The re-
ference signal for this amplifier was supplied by a PbS detector and a small
tungsten lamp with the mechanical chopper interposed between the two. The
input signal to the amplifier was amplified 10, 000 times and converted to
D.C. voltage and then used to drive the y-scale of an x-y recorder. The
motor-driven wavelength drum on the monochromator produced a voltage
proportional to the wavelength setting which provided the signal for the x-
scale of the x-y recorder. Therefore, the emission spectrum was plotted
out directly as intensity versus wavelength.

The wavelength range near the absorption edge was calibrated with a
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neon lamp each time the grating with 600 lines/mm was removed and
then replaced. Also, a standard CdTe sample which was not irradiated,
was measured periodically to check the overall response of the system,

Accurate high-resolution spectra of a few unirradiated CdTe samples
were measured at the Aerospace Research Laboratory at Wright-Patterson
A.F.B. through the courtesy of D.C. Reynolds and Y.S. Park. The instru-
ment used was a 2 meter Bausch and Lomb spectrograph with a reciprocal
linear dispersion of 8 X/mm. Kodak type 1-N photographic plates were used
to record the fluorescence. Neon calibration lines were superimposed on the -
spectra, The plates were then scanned with a Jarrell-Ash densitometer.

With the exception of the emission measurements done at Wright-Patterson
A.F.B., all the emission spectra were taken at approximately 9°K. The opti-
cal glass dewar used, shown in Figure (6) was of the Hersh (38) design and
employed a helium finger and a common vacuum which required the dewar to
be pumped down for every measurement. Although this was a disadvantage,
the simplicity of the dewar and the fact that the sample could be rotated while
at 9°K made it an attractive cryostat. Four quartz windows, 3/4" in diameter,
were used., The distance from the sample to the window was about 2 in.v A
copper sample holder, illustrated in Figure (7), consisting of a flat vertical
plate with a hole in the center for transmission measurements, was mounted
at the bottom of the helium cold finger, Three cooling channels passing down
through the plate carried liquid helium to a small cylindrical reservoir attach-

ed to the bottom of the plate. The samples were mounted on the plate along

with the germanium resistance thermometer referred to earlier (see page 32),
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Since the sample was not immersed in liquid helium, the sample temperature
was 9°K instead of 4. 20K. Provision was also made for passing six elec-
trical leads from the sample holder to the outside of the dewar.
For the measurements done at Wright-Patterson A, F, B., the sample
was immersed in liquid helium. This provided another objective for these
measurements: to determine if the spectra at 4. 2°K were significantly

different in any way from those taken at 9°K.

B. Transmission

Transmission measurements on CdTe were made with the same dewar
and measuring apparatus described in the previous paragraphs. The wave-
length range was scanned with and without a sample in position and the two
measurements compared. Transmission spectra were taken from 7500 R
to 2. 6 microns at 90K, using a tungsten projection lamp as a light source,

Transmission samples were prepared by cutting and polishing wafers,
Single crystal sections were cut from the wafers and etched in the solution
described earlier, Final sample thickness was about 0.5 mm.

5. Sample Irradiation

The University of Michigan Ford Nuclear Reactor, a swimming-pool
research reactor which operates at two megawatts, was used for irradia-
tion. The highest thermal neutron flux available in the core, composed
of enriched U-235 fuel elements partially surrounded by graphite reflectors,
was approximately 2 x 1013 neutrons/cmz/sec. However, the cadmium

ratio (thermal flux/fast flux) at the position of maxium flux was only 6.
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To minimize fast neutron effects by using a higher cadmium ratio,

the irradiations were done in the water moderator three to twelve inches
from the core face at the core centerline. At thé closest position the
thermal neutron flux was 1012 neutrons/cmz. sec. and the Cd ratio was
12, Other advantages of doing irradiations in the water moderator were
that the ambient temperature and the intensity of beta and gamma radia-
tion were lower,

Several types of sample holders were used in the reactor pool over
the duration of this study. The most recent, and most widely used, was
a horizontal stringer, mounted at the core face, with a series of aluminum
cups fastened to it as shown in Figure (8). The cups were four inches
apart, centerline to centerline, with the first cup being 3 inches away

from the core face, The fluxes in the three closest cups were:

Cup #1 ¢th - 1.8 x 10'2 neutrons /cm? . sec.
#2 ¢th = 4.3 x 101 neutrons/cm? . sec.
#3 ¢th = 6.5 x 10'% neutrons /cm? . sec.

Water temperature at any of these locations did not exceed 100°F.
Preliminary experiments showed that CdTe samples oxidize when

placed in a thermal neutron environment. To avoid oxidation, the majority

of the Hall and emission samples were placed in glass tubes whigh were

repeatedly evacuated and flushed with argon. The tubes were sealed off

with about 2/3 atm. argon and then placed in rubber diaphragms which,

in turn, were enclosed in 4 ounce wide mouth polyethylene bottles and

lowered into the cups on the stringer.
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Because of flux depression within the sample the Cd ratio was less
than 12, and, hence, a significant amount of fast neutron damage was ex-
pected. To separate fast neutron effects from thermal neutron effects
a few samples were irradiated in thermal neutron shields. Although Cd
shields were used in early experiments, boron nitride containers were
employed for most of the samples. There were three advantages to us-
ing BN. First, the intense gamma flux from a Cd shield was avoided,
Secondly the radioactivity of BN is much less than that of Cd so that the
samples could be removed from the pool sooner. Third, BN machines
very well, and convenient, easy-to-handle containers could be made,
Because the thermal neutron absorption cross-section of BN is less than
that of Cd, the wall thickness of the BN containers had to be greater. The
minimum wall thickness used was 1/4" which reduced the thermal flux by
a factor of 700 at Erl = 0.4 ev.

Following irradiation, the samples were stored in the pool for a period
varying from one day to one week depending on the (nvt);, used. After re-
moval from the pool the samples were washed in ethyl alcohol and a dilute
solution of HC1.

During each irradiation the flux was monitored with 1 mil gold foils
approximately 1/16" x 1/16" which were placed near the sample surface to
measure ¢s’ the surface flux. A Cd covered foil was also enclosed in
the sample package at a large enough distance from the sample so that
the Cd cover did not perturb the flux at the sample. Gold foils were also

enclosed with the samples irradiated in BN containers., After irradiation
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the foils were weighed on a Kahn electrobalance and counted in a well
counter using a Nal:T1 scintillator, The efficiency of the well counter,
66%, was determined with calibrated gold foils, |

An isochronal annealing experiment was done on an irradiated p-type
CdTe sample. Annealing time was 10 minutes at temperatures between
100°C and 2200C. Following irradiation, electrical leads were removed
from the sample with a minimum of heating. The sample was sealed off
in a glass tube containing an argon atmosphere and annealed in a small
furnace. After the anneal, electrical leads were replaced and the resisti-

vity was measured as a function of temperature,



IV, EXPERIMENTAL RESULTS

In this Chapter we will present the results of Hall, resistivity and
luminescence measurements on CdTe and CdS as a function of thermal
neutron irradiation. Thermal neutron irradiation causes a decrease in
carrier concentration and conductivity of both p-and n-type CdTe and
also CdS. A decrease in the edge emission intensity is also observed
with the high energy (X) series (see page 87) predominating after long
irradiation times. The defects responsible for these changes anneal out
between 160°C and 200°C according to resistivity measurements on p-type CdTe.
The results of electrical measurements on n and p-type CdTe are
presented first, followed by Hall data on CdS. This, in turn, is follow-

ed by the luminescence results.

6. Hall Effect, Resistivity and Mobility

A. n-Type Cadmium Telluride

Hall and resistivity measurements were made on three samples of
n-type CdTe which were exposed to thermal plus fast neutrons. One sample,
GE-231, was studied in detail at low dosages. The variation of carrier con-
centration in this sample as a function of 1/T and thermal plus fast neutron
irradiation is shown in Figure (9). The carrier concentration, n, is cal-
culated from the well-known relation
(20)

IRh| =

where Ry, is the measured Hall coefficient and r is a constant which is
43
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approximately equal to one, For 103/T greater than 20 (T - 50°K),
these curves are characteristic of freeze-out of electrons into a shallow
donor. In this temperature region, the curves can be analyzed using the

well-known relationship between n and Np, the donor concentration, N

A’
the acceptor concentration, and ED' the donor ionization energy:
n(Np +n) . Ne . Ep/kT (21)
Np-Na n © 3 ©
where
N 2(21rm’ K 3/2
c = me T)

h3

for CdTe, me = 0.11 m, (37) and N, = L.778 x 1014 T3/2. At lower tem-

peratures where the curves are straight lines, n {( ND and n<¢< NA so

that equation (21) simplifies to

n = {Np-Np N¢. e'ED /T (22)
Na p)

After correcting for the T3/2 term in N, the straight-line portions give

ED and I\_IP__'_NA .
NA

linear (15 €103/T < 35) equation (21) is used to fit the curves and obtain Np

At higher temperatures where the curves are non-

and NA for each irradiation. Epy is .009 ev before irradiation and stabilizes
at 0,012 ev after the third irradiation. Segall (37) has shown that this level
is due to a chemical impurity.

The number of absorption events occurtring during each irradiation,
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Za$ t (where t is the irradiation time) is calculated from equation

(17). The data can then be presented in the form shown in Figure (10)
where n, = (ND - NA), the total number of eleétrons available from

the shallow donors, and the abscissa is the cumulative number of absorp-
tion events, The initial removal rate,

dn, /dR R , where R =&, 9t, is approximately -1. 0.

A similar curve for another sample, GE-232, is also shown in Figure (10).
The carrier concentration curves from which this curve is derived are
shown in Figure (11). This sample, along with a third, was irradiated
for longer times in order to verify Chester's statement that n-type CdTe
is converted to p-type (32). However, after 3 x 1017 absorptions/cm3
the material was still n-type.

The behavior of n in the high temperature range for all three CdTe
samples is contrary to simple freeze-out of carriers at impurities.
That is, the electron concentration increases as the sample is cooled.
The same curve is obtained on heating and cooling. Care was also taken
in allowing the sample to reach thermal equilibrium in this range. There-
fore, the inverse variation of n with 1/T is apparently a real effect and not
due to temperature cycling or annealing. After short irradiation times the
anomalous behavior of n extends up to room temperature (see Figures (9)
and (11) ). After longer irradiations the effect is more dramatic as illus-
trated by the curve for the fourth irradiation of GE-232 in Figure (11).
Similar curves are shown in Figure (12) for the third sample, GE-230,

At higher temperature there is some indication of normal freeze-out

into a level at , 06 ev as shown in Figure (11). However, the existence of



41

30
o e GE - 23|
'E X GE-232
(&)
o
o \\
> 20\
< N\
pd \\
I \\
(=) X \\
= \
" \\
2]
o \
>
()]
c
1.0+
\
Slope =-1.0 —Y‘A\
Slope =-0.60
| I
05 | 2 6
R

Fig. 10. Total Number of Electrons/cm® Available from Shallow Donors in
n-type CdTe versus Cumulative Number of Absorption Events



48

B e No /rrag'/'afion
- o [/ st "
|0|5 | x 2nd "
_>¢-><\X‘X a 3rd
B N + 41h
AA
A
|OI4

o
w

CARRIER CONCENTRATION, cm™3
O S
= >
T

o
o

9 | | 1 L\ |
075 20 40 60 80 % 100 120
+

103/T

Fig. 1l. Carrier Concentration Versus Reciprocal Temperature as a
function of Thermal Plus Fast Neutron Irradiation for Sample
GE-232




49

|0I6
® MNo /rradiation.
o /st "
15 x 2nd "
10 - s 3rd :’
B 4th '
"0 ~
€ 1'%
s [\
B a
S ~3lF \
= 10° x\
f:t B X
5
8 —
12 L
c2> 10
O
= B
= u
14 #
g |0|| E_ ™ .
1010 o
B (o)
'09 l | | | |
0] 20 40 60 80 100 120

103/T

Fig. 12. Carrier Concentration versus Reciprocal Temperature as a Function
of Thermal Plus Fast Neutron Irradiation for Sample GE-230



50

this level as established by carrier concentration (Hall) measurements
is tenuous because Hall measurements on CdTe become extremely diffi-
cult in the temperature range 77°K to 300°K after long irradiation times.
This is illustrated in Figures (9), (11) and (12) by the gaps in the data in
this range. In Figure (11), the line establishing the level at .06 ev is de-
termined by only three points. Further evidence for a deeper level at
about , 06 ev does exist, however. In Figure (12) the few points shown for
the fourth irradiation of GE-230 are similar to those in Figure (11) which
determine the .06 ev level. The resistivity of GE-230 after long irradia-
tion, shown in Figure (13), also implies a level at .'06 ev. The resistivity
of CdTe after long irradiation increases with decreasing temperature. How-
ever, 6 reverts back to its original behavior (see below) at lower tempera-
tures as indicated by the turn-over in Figure (13). Although there is signi-
ficant scatter in the data, comparison with the accompanying straight line,
corresponding to .06 ev, indicates a deep level at about .06 ev. After long
irradiation times one would expect the resistivity curves to have a slope
corresponding to the energy level. This is because the mobility at low
temperatures is depressed by the introduction of a large number of scatter-
ing centers and is relatively constant over the temperature range of interest.
The variation in resistivity and mobility at smaller neutron dosages is
shown in Figures (14) and (15) which are for the first sample discussed,
GE-231. These curves are fairly representative of all three CdTe samples,
As expected, the resistivity increases with irradiation. The curves main-

tain approximately the same shape until, as indicated above, long irradiation
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has taken place.

The Hall mobility, which is obtained by dividing the Hall coefficient
by the resistivity, is relatively insensitive to irradiation at high tempera-
tures. This follows from the fact that lattice scattering dominates in this
temperature range. However, at lower temperatures ionized impurity
scattering is most important and the mobility decreases with irradiation
indicating the introduction of ionized scattering centers. The decrease in
mobility at low temperature cannot be attributed to a movement of the Fermi
.1evel, that is, to a change in charge state of defects already present, This
follows from the fact that the Fermi level at 200K, for example, remains
within . 003 ev of the shallow donor over the first six irradiations.

In order to investigate the effects of fast neutrons, a fourth n-type CdTe
sample, GE-200, was placed in a BN container and irradiated several times
at the same position (C-3) that GE-231 was irradiated. As indicated in Fig-
ure (16) there is very little change in the electron concentration due to irradia-
tion over the entire temperature range. Total irradiation time for this sam-
ple was 4 hours, approximately 4 times that for GE-231, This time is rough-
ly equivalent to the total irradiation time for GE-232 after the fourth irradia-
tion (see Figure (11)), Using the average saturated activity of the Cd-covered
gold foils exposed during the irradiations of GE-200, and the average ther-

10 oy -2 sec-l) for the irradiations of GE-231, one

mal flux in C-3 (6.5 x 10
calculates a Cd ratio of 7.1. From a comparison of Figures (16) and (9),
one concludes that, for this Cd ratio, thermal neutron induced damage is

much more significant than fast neutron damage. Recall that the other
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three samples were exposed to thermal plus fast neutrons., Since the
changes due to fast neutrons alone are negligible, it is not necessary to

modify Figure (10) to account for fast neutron damage.

B. p-Type Cadmium Telluride

Hall measurements on p-type CdTe reveal that thermal neutron irra-
diation causes a decrease in carrier (hole) concentration in p-type CdTe.
This is illustrated in Figure (17) which shows the Hall coefficient vs. re-
.ciprocal temperature as a function of thermal plus fast neutron irradiation
for two p-type samples._ The solid lines are for sample MH-3A while the
dashed lines are for the second sample, MH-1. The hole concentration,

p, 1is much less than ND and NA over the entire temperature range so
that one is restricted to the use of equation (22) (see page45) in analyzing
the data and only EA and(NA -ND) can be found. Because the levels
are deeper, it is not necesslj:x)'y to correct for the T3/2 variation in equa-
tion (22). Consequently, the slope of the Hall curves gives EA directly.

As in Figure (17), the conduction in all MH samples before irradiation is
dominated by a level at about E, + 0.15 ev. Conduction from this level
persists until after the second irradiation. At this point, holes freeze out
into a level at E_, +.20 ev., Further irradiation reveals levels at about . 3 ev
and .44 ev. Several authors (32) (39) showed that many impurities possess
energy levels in the range, .28 evto .5 ev.

Resistivity curves corresponding to the Hall data in Figure (7) are
shown in Figure (18). The similarity between the Hall and resistivity curves

indicates that the mobility does not change drastically with temperature for
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these p-type samples, This is illustrated in Figure (19) which gives the
Hall mobility as a function of temperature for one of the samples, except
that most of them do not show quite as large a reduction in mobility after
the second irradiation. Generally speaking, the room temperature mobility
lies between 50 and 100 cm2/volt. sec over all the irradiations. After irra-
diation, the mobility is a slowly varying function of temperature, Therefore,
the slope of the resistivity curves after irradiation should also give E ) direct-
ly since c = 1

pe
. To determine whether p-type CdTe will change into n-type, sample MH-3A
was subjected to longer irradiation times. After a total (nvt), of nearly 1016
neutrons/cmz, the room temperature resistivity was 2 x 107 ohm cm and the
sample was p-type. An additional (nv*t),d1 of 10!8 neutrons /crn2 did not change
the resistivity. Because the Hall coefficient could not be measured after this
last irradiation, it is conceivable that the sample was n-type. However; it
is rather doubtful, especially if conduction was supposedly due to a shallow
donor,

Resistivity curves for a third sample exposed to thermal plus fast neu-
trons are shown in Figures (20) and (21). The energy levels are quite similar
to those shown in Figure (17). Following the third irradiation, this sample
was annealed for 10 minute periods at five different temperatures, The resis-
tivity curves following each anneal are given by dashed lines. The resistivity
curve taken after the fifth anneal coincides with the resistivity curve measured
before irradiation. Consequently, one can conclude that the hole removal

which follows irradiation is due to the production of lattice displacements
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and not to some extraneous effect such as oxidation or transmutation
doping. If we assume that the mobility does not change during irradia-
tion or annealing so that p = c/(> , Where c is a coustant andc is the re-
sistivity, and that the number of defects present is directly proportional

to the number of holes removed, then for the nth anneal, we have

f
N, = (pO - pg) = c(l/eo - lflfq) (23)

where Nfl is the number of defects present after the nth anneal, P, is the
.hole concentration before irradiation, and p% is the hole concentration after
the nth anneal. The usual method of presenting annealing data, shown in
Figure (22) is to plot the fraction of defects remaining after an anneal at

temperature, T, versus T. By equation (23), the fraction of defects re-

maining is

Ve, - l/ef,
f =
I/CO ) I/GI‘

where er is the resistivity after irradiation., Figure (22) shows that the

defects anneal out between 160°C and 200°C.

It was also found that no annealing in CdTe takes place at room tempera-
ture. This was determined by measuring the resistivity of an irradiated
sample over the period of a week. The resistivity did not change during
this time,

The effect of fast neutrons on the MH material is illustrated in Figure
(23) which gives the Hall coefficient versus reciprocal temperature for
sample MH-2 which was irradiated along with sample MH-1., The energy
level does not change and the increase in Hall coefficient over the total

irradiation is much smaller than that for the samples exposed to thermal
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plus fast neutrons, Therefore, it is assumed that the hole removal
shown in Figures (17) and (20) is essentially due to thermal neutrons
only.

The effect of thermal neutron irradiation on the MH material can be
summarized by presenting the hole concentration at 103/T = 3.5 (286°K)
as a function of the number of absorption events /cm3, R =Za$t.
Figure (24) is a linear plot of p versus R which is used to determine the

initial hole removal rate. As indicated in the Figure, dp/dR R=0 = -1. 0.

This is the same order of magnitude as the initial electron removal rate

for n-type CdTe. Hole removal over the entire irradiation range is shown
on the semi-log plot in Figure (25). The hole removal varies exponentially
with R until a limiting value of about 5 x lO9 em 3 is reached, This is

similar to hole removal in silicon due to fast neutron bombardment (5).

C. Cadmium Sulfide

Electrical measurements similar to those carried out for CdTe were
also made on a CdS sample. The variation of carrier concentration in
this sample as a function of 1/T and thermal plus fast neutron irradiation
is shown in Figure (26). The curves are similar to those for CdTe except
for some important differences. The donor is deeper; ED = . 017 ev before
irradiation and stabilizes at . 029 ev after the sixth irradiation. In addition,
the removal rate for CdS is much less than that for CdTe. This is demon-
strated by constructing a graph similar to Figure (10). As for CdTe the
n versus 1/T curves are analyzed using equations (21) and (22) (see page45).

ol4 T3/2

except that N, =4.52x1 because of the difference in effective mass
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(m:;< = 0.205 m, for CdS (32)), The resulting plot of n, versus R

is shown in Figure (27). In this case the initial electrbn removal rate
is about 0.1 electron per absorption, approximately one tenth that for
n-type CdTe,

Returning, for the moment, to Figure (26), for short irradiation
times the electron concentration, n, at high temperatures (greater than
IOOOK) exhibits an exhaustion region. This is to be expected since the
shallow donors are empty at higher temperatures. However, as irradia-

“tion proceeds n increases with decreasing temperature in this region as

in the case of CdTe (see page 46). Further irradiation leads to a decrease
in the anomalous behavior of n and to a return to normal behavior in the
high temperature range. The shallow donor is exhausted at 103/T =13
and thermal excitation of electrons from a level at E. - .085 ev begins

as the sample is heated to higher temperatures.

The variation of resistivity with thermal neutron irradiation for the
CdS sample is shown in Figure (28). As in the case of CdTe, the resis-
tivity increases with irradiation, the curves maintaining approximately
the same shape until the 9th irradiation corresponding to the appearance
of the 0. 85 ev level shown in Figure (26). After this irradiation, the re-
sistivity increases as the sample is cooled. This reversal was also ob-

served by Oswald (19).

7. Luminescence Measurements

A, General Comments

The luminescence observed in CdTe and CdS can be summarized



71

sjuaay uorldaosqy jJo JaquinN 9AIRINWND SNSIIA SPD
Ul SI0UO(] MOI[RUS WOJJ I[qE[IBAY mﬁo\mcobomﬁm jo dequinN Te}o L °LZ ‘Sidg

. nlc.._o ‘ 0_..0_ X uBoNnI
9l 1d 2l Ol 8 9 4 4 OO

|
N

Q_wotg|-0| X (VN‘GN) =g|.0| x8u

8600- = 8do/s

M

<

|
Te)




72

103

|O4 |

RESISTIVITY, Ohm cm.

10°

2
|

o
N
|

a No /rradriation

o 4th "

x Sth "

a 6th "

+ 7th " +
« 8th "

o 9th

0

Fig. 28.

5 10 15 20 25 30 35

Resistivity Versus 1/T as a Function of Thermal Plus Fast
Neutron Irradiation for CdS



73

by dividing the spectrum up into three photon energy (or wavelength)
regions as indicated in Figure (29), Before presenting the results in
detail, some brief comments will be given on the types of emission bands
found in each of the three regions,

1. Exciton Recombination Region. One of the assumptions inherent
in the derivation of equation (21) for n (see page45) is that carriers do
not interact with each other. If the attraction between holes and electrons
is taken into account, one can then visualize the electron and hale moving
» through the crystal together as a pair due to their mutual attraction. By
analogy with the hydrogen atom, one would expect this pair to possess a
system of hydrogen-like energy levels, The electron-hole pair is then
treated as a unit, called the exciton which can be compared to a hydrogen
atom imbedded in a medium with dielectric constant, fs. Solving the
Schrodinger equation for the hydrogen atom, one obtains the usual result

for the energy levels,

B - -mee4 - - WH
H 2h 2n2 n?2

Two assumptions are implicit in this result which are of importance here.
First, the hydrogen atom is assumed to be in free space so that the poten-
tial energy is -e2/r. However, for a hydrogen atom embedded in a me-’
dium with dielectric constant Es’ the potential energy is -e2/€.r, Second-
ly, the effect of the nuclear mass on Ey has been ignored because mp7> mg,
where m_ is the proton mass, When the Schrodinger equation is solved

p

and the nuclear mass is retained, one obtains
! 4
e i Sk - -my' WH
2h ¢ né 652 m ész n2

e
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memp £ Me.

i (Mp+me)

This more general formula can be used directly for the hydrogen-like

where the effect of €g has been included and mi.

energy level system of the exciton, Ignoring the kinetic energy of the
exciton, the exciton energy is
Wn - - mp WH

ex - ~Z2Zr "H_
mg 682n2

e
m'r
where m,. is now the reduced mass of the electron-hole pair,

b
e ™Mh

(mg + mp)

For CdTe, m, = 0.1l m, (37), mj = 0.63 m, (39), and & = 10. 6 (37)
so that the above equation gives

wl. = -0.0108ev
which is close to the measured value of 0.0095 ev (40) for CdTe. This is
also the energy required to transform the exciton into a free electron in
the conduction band and a free hole in the valence band. Therefore, the
ground state of the exciton (n = 1), which corresponds to the first excited
state of the crystal, lies at EC - . 0108 ev with the excited states lying
closer to Ec'

As the exciton moves through the crystal, it will be influenced by small
perturbations in the crystalline field, by dislocations, etc. Th.is may result
in recombination of the electron and hole; that is, annihilation of the exciton,
The resultant energy will appear in the emission spectrum at Eg - ‘Wéx
which corresponds to free exciton recombination. This emission band will
be broadened by the inclusion of the kinetic energy of the exciton, Since
W]éx = 0.0095 ev in CdTe and the free exciton band is observed at 1,595 ev
(40), the band gap (E,) in CdTe at 4°-10°K is 1, 605 ev.

Very narrow exciton bands are observed when the exciton is trapped by
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an impurity resulting in the formation of an immobile complex.

Upon recombination at the trap, the energy released will appear in the
emission spectrum as a narrow band at an energy E} below the free
exciton energy where Ey is the binding energy of the exciton to the trap-
ping center.

By purposely doping CdTe with several different impurities, Halsted
(41) found an empirical relationship between the binding energy of an
exciton to an impurity, Ey and the ionization energy of the impurity.

For a particular doping agent, strong emission bands appeared in the 3rd,
or impurity recombination region, and also in the exciton recombination
region. The former band gave the ionization energy, while the latter
gave Ey. The ratio of the binding energy to the ionization energy is 0.1
for neutral acceptors and 0.2 for neutral donors. These values hold for
several II-VI compounds, Therefore, if an unknown bound exciton is ob-
served, this ratio can bg used to determine the ionization energy of the
impurity.

2. Edge Emission Region. The edge emission, so-called because it
occurs near the absorption edge, is found in most II-VI compounds as one
or more sets of equally spaced bands (see Figure (29)), The lower energy
bands in a particular set occur at regular energy intervals and correspond
to the emission of a photon with simultaneous emission of 1, 2, 3, ...
phonons. These phonon satellites are due to recombination of carriers
which have given up part of their energy to the lattice.

In crystals such as CdTe and CdS which have different atoms at alter-

nate lattice sites and are somewhat polar, optical vibrational modes of the
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lattice are of importance. If the two oppositely charged atoms (i.e.,
Cd and Te) in the unit cell vibrate out of phase a strong dipole moment
is created because the atoms are displaced in opposite directions, Conse-
quently, these modes will couple strongly with any electromagnetic fields
present and, hence, are called optical modes. Because of the strong
coupling, the frequency of the optical modes often shows up in the absorp-
tion spectrum of a polar crystal as a strong absorption band in the infrared.

The fact that optical modes are of primary importance in CdTe has
been demonstrated by Segall (37) who showed that the mobility of n-type
CdTe in the lattice scattering range is due to scattering by longitudinal
optical phonons. Using the Lyddane-Sachs-Teller relation, OJ; = bd:(és/e,.)’
where W is the frequency of the longitudinal optical phonon and &y is the
frequency of the transverse optical phonon, Halsted (42) showed that the
separation between the no-phonon band and the phonon satellite (. 021 .ev)
of the edge emission (see Figure (29) ) is equal to the longitudinal optical
phonon energy ( h&,) in CdTe.

3. Impurity Recombination Region. The intensity and peak position
of emission bands in this region depend crucially on the impurities or de-
fects present in the material. Generally speaking, emission in this region
is due to recombination of a free electron (or hole) with a hole (or electron)
bound to the impurity or défect (42).

Before presenting the results of the luminescence measurements, the
important emission bands are summarized in Tables (2) and (3). The
suggested source of each band is also given. The interpretation Qf the

bands depends, in part, on discussions given in Chapter 5.
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B. p-Type Cadmium Telluride

The emission spectra of approximately 15 p-type and n-type CdTe
samples were measured. It was necessary to measure a relatively large
number of samples because the emission occurs near the surface of the
sample and, hence, is easily affected by extraneous factors such as oxi-
dation and mechanical surface damage. A series of emission spectra for
MH-17, a typical p-type sample, are shown in Figures (30) and (31).

Although the emission spectra were measured ou to 2, 6 microns, no emis-
sion bands were observed above 1, 0 micron for p-type CdTe. Therefore,
this long wavelength region is not included in Figures (30) and (31).

The emission spectrum of p-type CdTe was also measured on the high
resolution instrument at WPAFB. The spectrum obtained is the same as
Figure (30a) except that two bands at 1.593 ev and 1. 589 ev are observed
in the bound exciton region while only one is shown at 1. 595 ev in Figure
(30a). Both the 1.593 ev band and the 1.589 ev band were less than kT in
width indicating that the bands are due to bound excitons and not free exci-
tons. This follows from the fact that the kinetic energy of the free exci-
ton would broaden the emission band.

The variation in the intensity of the emission bands of interest with irra-
diation is shown in Figure (32) for p-type CdTe. Because the emission
occurs near the surface, R was calculated using the surface flux, ¢s:
and not the average flux within the sample. All the bands decrease in
intensity with irradiation at about the same rate with the exception of the
1.575 ev band which remains roughly constant. Another general result is
that no shift in peak position was observed, within experimental error,

for any of the bands.
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The transmission was measured as a function of wavelength after
several irradiations to find out if the decrease in emission intensity is
due to increased self-absorption. The results, shown in Figure (33) for
short wavelength, indicate that the absorption has changed very little over
the entire wavelength range even though the third irradiation for this sam-
ple corresponded to a larger (nvt)p, than the third irradiation of the emis-
sion samples. One concludes that any significant changes observed for emis-
sion bands near the edge are due primarily to variation in emission character-
istics and not to increased self-absorption.

Measurement of the emission spectra of a few CdTe samples exposed to
fast neutrons only showed that the decrease in emission intensity for fast neu-
tron exposure was much smaller than that observed for thermal plus fast neu-
tron irradiation. Having listed these general results, the changes observed in
the emission bands of p-type CdTe due to irradiation will be discussed in more
detail according to region (see Figure (29)).

1. Bound Exciton Region. In the majority of spectra an emission band is
observed at 1.593 ev and not 1. 595 ev as shown in Figure (30a). Also, the
high resolution instrument at WPAFB revealed a value of 1,593 ev, There-
fore, the true energy of the 1. 595 ev band in Figure (30a) is believed to be
1.593 ev. Figures (30) and (31) indicate that this band disappears as irradia-
tion proceeds. The emission band at 1. 590 ev, shown in Figures (30)and (31),
is at 1,589 ev as indicated by the high resolution instrument. This band, and
one at 1,575 ev, are present before irradiation for many samples, but as

indicated in Figure (30a) are unresolved for MH-17. To summarize, four
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bqund exciton bands are observed in p-type CdTe: 1.593 ev, 1,589 ev,

1.575 ev and 1. 565 ev, All four are observed before irradiation although

the 1. 565 ev band is observed only in certain samples (not in MH-17). The
1.593 ev and 1, 565 ev bands decrease rapidly in intensity as irradiation pro-
ceeds, The 1,589 and 1. 575 ev bands remain with the 1,575 ev band domin-
ating the bound exciton region after long irradiation. To discover the source
of these four exciton bands, the ratios derived by Halsted (see page 76) are

applied as indicated in Table (4).

Table 4

Bound exciton emission bands in CdTe

Impurity-Exciton Neutral donor Neutral acceptor
Eph = Peak binding energy Ionization energy = ionization energy
Position = 1.595 - E, (1.595 - E,,.)/0, 2 = (1.595 - Ey5,)/0.1
1.593 ev 0.002 ev 0.0l ev 0.02 ev
1.589 0.006 0.03 0. 06
1.575 0. 020 0.10 0.20
1.565 0. 030 0.15 0. 30

The 1.593 ev band is attributed to the donor observed in n-type Hall
samples at EC - . 012 ev. Recombination at a neutral donor requires the
existence of occupied donors in p-type material. However, at low tempera-
tures one ordinarily expects all the donors to be empty in a p-type sample,
Hall measurements on n-type material (see Figure (9)), show that thermal
liberation of carriers from the shallow donors is insignificant at 9°K. The

creation of electron-hole pairs by ultraviolet light is followed by trapping



87

of electrons at the empty shallow donors in p-type material, Because
of insignificant thermal release, the electrons remain trapped and the
requirement of the presence of neutral donors is satisfied.

The 1,589 ev band is attributed to an exciton bound to a Te; at B, +
. 06 ev, After firing undoped, n-type CdTe in Te vapor at 900°C, Lorenz
(43) found that the material changed to p-type with a level at Ev + .05
to .06 ev. The hole concentration from this level increased with increas-
ing Te firing time., Although Lorenz attributed this level to a Cd,,, the
firing conditions also favor Te; and we will adopt this assignment,

The discussion of the 1,575 ev band, which is deferred until the next
Chapter, is based on the assignment of the 1,575 ev band to recombination
of an exciton bound to a neutral acceptor at E, + 0.20 ev, This level
was observed in Hall samples of p-type CdTe after irradiation (see Figure
am).

The 1. 565 ev band is probably associated with impurities that possess
levels at E, + 0.3 ev (32)(39).

2, Edge Emission Region, The no-phonon peak of the high‘ energy
edge emission series, hereafter referred to as the X series, is at 1,541
ev for p-type CdTe in Figure (30a). The no-phénon peak of the low energy
edge emission series (Y series) is at 1,533 ev. The relative intensity of
these two peaks before irradiation varies from sample to sample, For
some samples the X series is stronger while for other samples the Y

series is stronger. For all the samples examined the X series is stronger
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than the Y series after'long irradiation times (see Figure (31b)). The
explanation of the behavior of the edge emission in CdTe is reserved: for
the next Chapter since it depends, in part, on the interpretation of. the '
electrical meagsurements.

3. Impurity Recombination Region. A no-phonon band at 1,450 ev
with several phonon satellites is observed in p-type CdTe before irradia-
tion (see Figure (30a)), The intensity of this series decreases with irra-
diation at about the same rate as the edge emission intensity. Subtract-
ing from Eg, 1.605 - 1.450 = 0.15ev., reveals that this emission band
is associated with the level at E,, + 0.15 ev seen in all the p-type Hall

samples before irradiation (see Figure (17)).

C. N-Type Cadmium Telluride

The variation in emission spectra with thermal neutron irradiation
for a typical n-type sample is shown in Figures (34) and (35). The same
general comments made for p-type CdTe apply to n-type CdTe:

1. No emission bands were observed above 1,0 micron.

2. No shift in peak position with irradiation was observed for

any of the bands,
3. Fast neutron effects are similar but much smaller,
4. With the exception of the 1,415 and 1,575 ev bands, the intensity
of all the emission bands decreases rapidly with irradiation.
The last statement is illustrated in Figure (36) which gives the variation
of peak intensity with irradiation for n-type CdTe,.
As for p-type CdTe, the emission spectrum of un-irradiated n-type

CdTe was also measured on the high resolution instrument at WPAFB.
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The spectrum obtained is the same as Figure (34a) with the exception
of the bound exciton region, Similar to p-type CdTe, the measurements
at WPAFB reveal two exciton bands at 1. 589 ev aﬁd 1.593 ev. The true
energy of the 1,585 ev band shown in Figure (34a) is probably 1,589 ev.

The emission bands for n-type CdTe can be analyzed in more detail
by region as was done for p-type material, The discussion will be brief
because the effects observed in n-type CdTe are similar to those observ-
ed in p-type CdTe.

1. Bound Exciton Region. The same four bound exciton bands obser-
ved in p-type CdTe are observed in n-type CdTe: 1.593 ev, 1,589 ev,
1.575 ev, and 1.565 ev. The 1,593 ev band is stronger in n-type CdTe
and does not decrease in intensity with irradiation as rapidly as in the
case of p-type CdTe. Because of this, the lower intensity 1. 589 ev band
is masked throughout the irradiation by the 1. 593 ev band. All four bands
are present before irradiation although the 1,565 ev is too weak to be obser-
ved.

Since the same bands are observed, Table (4) and the subsequent
identifications again apply. Therefore, one concludes that the impurities
responsible for the 1. 565 ev and 1.593 ev bands are present in both n and
p-type CdTe as well as the Te; and the E, + .20 ev level,

2. Edge Emission Region. The same comments made concerning
edge emission in p-type CdTe apply to n-type CdTe. For the particular
sample shown in Figures (34) and (35) the Y series is much stronger
before irradiation. However, other n-type samples were observed in

which the X and Y series were of approximately equal intensities,
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3. Impurity Recombination Region. Before irradiation, a series
of bands with the no-phonon band at 1.45 ev is also observed in n-type
CdTe. However, the intensity in n-type CdTe is ‘smaller by almost 2
orders of magnitude than that in p-type CdTe. As irradiation proceeds,
the bands in this region can no longer be resolved, The intensity of the
main peak (1.415 ev) does not decrease nearly as fast with irradiation as
the exciton and edge emission (see Figure (36)).

In general, the emission spectrum of n-type CdTe is similar to that
of p-type CdTe after long irradiation times. This is illustrated by com-
paring Figure (31lb) with Figure (37) which is for a second n-type sample
after long irradiation time. In both cases, the exciton recombination re-
gion is dominated by the 1,575 ev band and the X series of the edge emis-

sion is much stronger than the Y series,

C. Cadmium Sulfide

The emission spectra of a few bulk CdS samples were also examined,
The results for a typical sample are shown in Figure (38). In agreement
with Oswald (4), both the edge emission and the bound exciton emission
decrease with thermal neutron irradiation. As in the case of CdTe, the
X series of the edge emission is dominant after long irradiation times,

The edge emission in CdS, and also CdTe, has rather unique tempera-
ture characteristics, The low energy edge emission series (Y series) is
much stronger than the high energy edge emission series (X series) at
4,.2°K. As the crystal is heated, the Y series diminishes and the X series
becomes stronger. At 77°K the intensities have reversed and the X ser-

ies is dominant,
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Many explanations have been advanced for the edge emission in
CdS. Lambe (44) suggested that the edge emission is due to recombina-
tion of bound electrons and free holes while Collins (45) proposed the
opposite process. In an earlier paper, Kroger (46) suggested that there
is one no-phonon band due to an exciton transition and that the rest of
the bands, including the Y series, are due to phonon assisted recombina-
tion. To explain the temperature dependence of the two series, Grillot
(47) proposed that both series are due to recombination of a free electron
with a trapped hole. However, the hole trap is associated with a donor
center, When the donor center is occupied at low temperature the energy
level of the hole trap is perturbed. This leads to the second series at a
different energy. Maeda (48) used the results of thermal luminescence
to show that the X series is due to recombination between a bound electron
and a bound hole. Pedrotti (49) proposed a model, which is illustrated in
Figure (39a), that is based primarily on the temperature behavior of the
edge emission. In this model the Y series is due to recombination between
an electron bound to a shallow donor at E. - .03 ev and a hole bound to
an acceptor at E, + .17 ev. If the donor is unoccupied recombination
through the Y series camot occur. Therefore, it follows that the Y series
will be more intense at low temperatures where the majority of donors
are occupied. As the sample is heated the number of occupied donors,
and, hence, the Y series intensity, decreases while the X series, which
is due to recombination of a free electron with a hole bound to the E, ¢+

.17 ev acceptor, becomes stronger. Further heating results in complete
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exhaustion of the donors and disappearance of the Y series. At this

point, the edge emission spectrum is dominated by the X series.
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a) Before Irradiation b) After Irradiation

Figure (39). The effect of thermal neutron
irradiation on the edge emission of CdS.

Colbow (50) used time dependent luminescence measurements to
demonstrate the validity of the Pedrotti model. In this experiment, the
sample was exposed to a short pulse of ultraviolet light and the peak

positions of the two edge emission series were measured as a function
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of time after the pulse. For recombination between an electron
bound to a donor and a hole bound to an acceptor, the energy of the
emitted photon is

Eph = E - E - B + e (24)

where Eg is the bandgap, fs is the static dielectric constant and r
is the donor-acceptor pair separation, Following the light pulse the
close pairs recombine first and the widely separated pairs recombine

last. Therefore, a shift toward lower values of E n With time should

p
be observed due to the changing value of r if the observed emission is

a bound electron-bound hole transition. Colbow (50) observed this shift
for the Y series but not for the X series which agrees with the Pedrotti
model,

Vassell (51) produced edge emission in CdS by both of the following
treatments: (1) bombardment with low energy electrons which could
displace only S atoms and (2) heat treatment in a sulfur atmosphere,
From these experimental facts, Vassell concluded that the Si is the
edge emission center. Kulp (52) bombarded CdS with low energy elec-
trons and found a threshold energy for production of edge emission at
8.7 ev, Edge emission was also attributed to the S; by Kulp. From the
results of annealing CdS in a vacuum at 600°C, Handleman (53) attri-
buted the edge emission to the Cd,.

On the basis of the previous discussion, we assume ‘thdt the edge
emission mechanism in CdS is provided by the Pedrotti model and that

the Si is the edge emission center. This picture is summarized in
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Figure (39a) where Y is the low energy series before irradiation and
X, is the high energy series before irradiation,

One can now examine the effects of thermal neutron irradiation on
the edge emission to see if they can be explained within the context of
the Pedrotti model. With the Si as the edge emission center, the obser-
ved decrease in edge emission intensity as a result of thermal neutron
irradiation tends to confirm our hypothesis that the production of sulfur
defects by the recoil process is a minor effect (see page 22). A decrease
in edge emission could occur for three reasons. First, the edge emis-
sion centers may be destroyed during irradiation. This is a rather re-
mote possibility since these centers can be produced by heat treatments
which take place at rather high temperatures. However, the presence of
high energy internal gamma rays could possibly provide a unique anneal-
ing mechanism for destruction of these centers, Second, and more pro-
bable, is the indirect effect of the introduction of deep levels, that is,
cadmium vacancies and interstitials, During illumination by the ultra-
violet light quasi-Fermi levels are established in the upper and lower
halves of the band gap which governthe distribution of electrons and holes,
respectively. As in the case of the dark Fermi level, the electron quasi-
Fermi level is also affected by the introduction of deep levels, An in-
crease in the concentration of deep levels will pull the quasi-Fermi level
towards the center of the gap as indicated in Figure (39b). This, in turn,
will reduce the fraction of occupied shallow donors and, hence, result in
a decrease in intensity of the Y series, The X series will not be affected

appreciably, because it is due to the recombination of free electrons.
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This corresponds to the observation that the X series dominates after
irradiation. With regard to the ratio, X/Y, thermal neutron irradiation
is similar to raising the temperature - both prodﬁce a deeper Fermi level
and, hence, a larger X/Y.

Third, and most important, is the direct effect of the introduction of
deep levels which can act as recombination centers because their hole
capture and electron capture cross-sections are similar., Oswald (4)
has demonstrated that the levels introduced by thermal neutron irradia-
tion act as radiative recombination centers (see page 25). Since these re-
combination centers represent another sink for electrons and holes, the
edge emission decreases, for the same electron-hole generation rate, be-
cause of the competing recombination at deep levels as shown in Figure

(39b). This corresponds to the observed behavior in CdS.



V. DISCUSSION OF RESULTS AND CONCLUSIONS

In the discussion of electrical measurements on n and p-type
CdTe, it will be shown that approximately one Cd,, and one Cdj are
produced per absorption while Te defects are produced at a much
slower rate, The variation of (N - Np) with R = Z,@ t is account-
ed for by postulating defect annealing during irradiation but not after
irradiation., The defects anneal out between 160°C and 200°C.

Electron removal in CdS as a function of the number of absorptions
is also explained by the presence of isolated vacancies. However, one
must assume that a large excess of Cd defects were present before irra-
diation. This agrees with the well-known fact that CdS is difficult to pro-
duce in exactly stoichiometric proportions,

In Section 12 the luminescence spectra will be discussed. We have
already shown that the effect of thermal neutrons onthe edge emission
in CdS can be explained by assuming the Pedrotti model for the edge emis-
sion mechanism and the S; as the edge emission center. For CdTe, we
will make a comparison with CdS and postulate that the Te; is responsi-
ble for the edge emission along with the Pedrotti model. It will be shown
that this model can account for the variation of edge emission in CdTe
with thermal neutron irradiation. Changes occurring in other regions

of the spectrum due to thermal neutron irradiation are also analyzed,

8. Hall and Resistivity Results

A, n-Type Cadmium Telluride

The decrease in ne with irradiation shown in Figure (10) is attributed

101
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to the introduction of acceptors. In Chapter 2 it was shown that an
excess of Cd defects are produced by thermal neutron induced recoil,
Later in this Section we will provide experimentai evidence that Te de-
fects are not produced in significant quantities by the recoil process,
Several authors have shown that the Cd,, plays a major role in deter-
mining the properties of CdTe and CdS. Kroger (35) and deNobel (54)
altered the stoichiometry of CdTe by annealing p-type CdTe in Cd vapor,
The observed change from p-type to n-type following annealing was attri-
buted to the introduction and annihilation of various native defects includ-
ing the Cd,,. Yamada (39) also annealed CdTe in Cd vapor and found a
level at Ey + .20 ev which he attributed to the Cd,,. Lorenz (55) anneal-
ed pure, n-type CdTe in a vacuum at high temperature which vaporizes
Cd from the sample leaving a deficiency of Cd (Cdy's). After the anneal
the CdTe was p-type. Woodbury (56) suggested that the large increase

in resistivity observed in CdS after annealing in sulfur vapor is due to
compensation of the donors by Cd,,'s. On the basis of these comments,
we suggest that the electron removal in n-type CdTe with irradiation is
due to the introduction of cadmium vacancies which act as acceptors,

As indicated in Chapter 2 (see page25), annealing during irradiation
strongly affects the removal rate due to thermal neutron induced recoil
in several materials. Consequently, it is assumed that recombination
of defects during irradiation is responsible for the non-linearity of Ne
versus R = Zaf’rt shown in Figure (10). This is reasonable since the

sample temperature is higher than room temperature (30-50°C) and a
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large amount of ionizing gamma radiation from the decaying Cd114 nuclei
is present, Therefore, when the sample is placed in the reactor, cad-
mium vacancies and cadmium interstitials are generated at a constant
rate depending on the flux. This is accompanied by the recombination of
cadmium vacancies and cadmium interstitials which depends on the cad-
mium vacancy concentration, [CdV] , and the cadmium interstitial concen-
tration, [Cd]] . Upon removal from the reactor, generation and recom-
bination cease and the Cdv's present at that time are frozen into position.
This follows from the fact that no annealing, with respect to the electrical
properties, was observed after irradiation. On the basis of this simple
model, one can write the following equation for [CdV] at any time, t, dur-

ing irradiation:

d cd,] - a® - K [cdy] [cqi]
dt
= a2 - K [cq,]? (25)
where a is the generation rate of vacancies and interstitials, given by

Zaa Vand K is a rate constant of the form (57),

K = 2V Ko exp [ -Ep, /kT] (26)
where z is the number of interstitial sites imm ediately surrounding a
lattice site (estimated as approximately 10), V is the volume per lattice
site (the reciprocal of the number of atoms per cm3), K, is a constant,
E , is the migration energy of the defects and T is the temperature, The
derivation of equation (26) for K can be visualized in the following manner,
Suppose that annealing of defects in a crystal is due to the motion of inter-

stitials which occasionally encounter immobile vancanies, If the number
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of jumps per sec an interstitial makes at temperature T is defined by
Koexp [—Em /kT] , then the total number of jumps occurring in one sec

per cm3 is

[ca] k, exp [-Em /kT)
Assuming that an interstitial jumping to an interstitial site next to a '
vacancy will recombine with the vacancy, the number of recombinations

taking place per sec per cm3

is the number of jumps times the probability
that the lattice site next to the interstitial is a vacancy. This probability,

which is the fraction of vacant sites in the crystal, is given by

@dv}/(h%%’?-): v [ca,]

where N is Avogadro's number,c is the density, and M. W, is the molecu-
lar weight. Since there are several interstitial sites surrounding each va-
cancy this probability must be increased by multiplying by z. Therefore,

the number of recombinations taking place per sec per cm? is

(z [cd,] V) ([cai] Koexp [-Em/kTJ) - K [Cdy] [ca;]

In setting [CdVJZI:Cdi], in equation (25), we have assumed fhe produc-
tion of Frenkel defects. It is also assumed that the material is of nearly
stoichiometric proportions so that [Cd Jand[Cd;] are approximately zero
before irradiation. This last assumption leads to the initial condition
I:Cdv =0 at R - 0. Integrating equation (25), one obtains

[Cdv] = v?g tanh (afK t)

or, interms of R = Z §t

[ca,] = [cayl, tann (¥R) (27)
where ¥ -a J K and [de]m> = a/[g. For ¥R greater than 2. 0, tanh (¥R)

%%
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approaches one and [Cd\:] approaches its steddy state value of [Cdv].,.
Suppose that a vacancy traps an electron in a time which is short compared
to the lifetime of the vacancy. This is reasonable since the trapping process
is enhanced by the intense gamma ray field which results from the decay of

. 114 _ ., . . . 113
the excited Cd™" " nuclei following thermal neutron absorption by Cd™~". In

this case, [Cdv_] is equal to ng, the number of electrons removed from the

shallow donors, and one can write
ng - n, = ng : [Cd,] tanh (¥R) (28)

where ng is the value of n, before irradiation. Using two experimental
points for each sample from Figure (10), [Cdv]wis eliminated from equation
(28) and the following values are obtained for X,

¥- 3.7 x 1070 for GE-231

J- 3.4 x 1076 for GE-232
X should be a constant for the same material. The difference between X231
and X232 can be accounted for by examining the experimental parameters in
more detail. The generation rate, a2, is just Za$ y whereV is the average
number of displacements produced for absorption. Previously, it was indicat-
ed that for most of the recoil events the only displacement produced is the
recoiling Cd nucleus. Consequently, postponing further discussion of ¥ for

the moment, it is assumed that V = 1 and, therefore,

I

For GE-231 the averagé flux at the surface of the sample, ¢s, was 6.5 x 1010
neu‘cr‘ons/cm2 . sec and the sample thickness, d, was , 0595 cm, The corres-

ponding values for GE-232 were ¢s =8.3x 1010 cm=2 sec™! and d = 0. 0586 cm,
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Using these values, Za$ is calculated from equation (14) (see page 22):

=z, 9 z_& cm™3 secl

d

The ratio of the two X 's can now be calculated as

x231 = /(s:az) 232 -1.10
1232 (Z,9) 231
Recalling that

939 = 3.4 x 10” 6, the above.ratio gives X231 <3.4x10716 1,10 -
= 3,7x10716
which agrees with the experimental value of X231.

It is also interesting to compare the calculated Xwith the experimental values,
For both GE-231 and GE-232, Zaa is about 1012 cm_3 sec—1 so that X%\FI‘-(' X 10—6.
Recall that K is

K =2V K, exp[ -Ep/kT]
Typical values for K and E _ are 1013 sec! and 0.8 ev, respectively (58).
Assuming that T = 120°C is the equivalent temperature during irradiation,
R =6 x 10-10 andX'X.G x 10716 in agreement with the experimental values,

Comparing with the literature, Brown, et al (59) examined high tempera-
ture annealing of p-type germanium and found that it obeyed second-order kine-
tics. At T = 120°C, their data gives N K = 1/1700 where N is the number of de-
fects introduced. Assuming that N is approxim ately equal to the initial hole con-
centration (1.5 x10*® em™3), Kis 4 x 1071 and¥®6 x 10716, Although the an-
nealing process we observed is quite different frombthat studied by Brown, et
al, this calculation of x does give an order-of-magnitude comparison,

In order to test the validity of equation (28), ng is plotted versus tanh (XR)

for both samples, As shown in Figure (40), a straight line is obtained for both
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samples indicating that equation (28) for ng satisfactorily predicts the elec-
tron removal in CdTe due to the thermal-neutron-induced-recoil process.
These lines possess another interesting char;acteristic. As indicated
in the following table, the slope of each line, [Cdeis approximately equal

to the experimental value of the total number of electrons originally avail-

able from the shallow donors, ng.

(o]
Sample Slope of nf vs, tanh (§ R) e
GE 231 2.32 x 1012 cm™3 2.33 x 1015 em ™3
GE 232 1.70 x 10%° 1.72 x 100

r

Therefore, from the experimental results we infer that the equation for ng

is

ng = ng tanh (XR) (29)
Having determined experimentally that [Cdv-]u ~ ng, one can verify this
equality by imposing the condition dnf/dR = 0 when ng =nQ since, at

this point, there are no more electrons available from the shallow donors.
To apply this boundary condition, one differentiates equation (28),

dnl = ¥[Cd,]e sech? (¥R)
dR

or, in terms of ng,

n

anf = ¥[ca,] (1 - nf?

— V.

dR * CdJZ
Setting ng =ng and 9N€/dR 0,

I:C dV]oo = ng

which agrees with the experimental determination of [_EldVL.

Further agreement with experiment is found by comparing the experi-

mental value of %Rﬁ- R=0 with that obtained from equation (29),
dne = -ng
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For the two samples studied,

Experimental dne
Sample —nox dR |R =0
GE 231 -. 59 -. 60
GE 232 -. 85 -1.0

The preceding interpretation of electron removal in CdTe also agrees
with Cleland, et al's (30) observation that the removal rate increases
with decreasing irradiation temperature (see Table (1), page 25). Differ-

entiating equation (27) and retaining a/y K as the constant,
d [Cdv] = al sech? (a K R) (30)
S dR Z % .9
The temperature dependence of the annealing rate is contained in K which
is proportional to exp[-Em/kT] . As the temperature decreases, the ex-
ponential factor decreases and, hence, K also decreases, Since the sech2
is inversely proportional to its argument, d [Cd;l/dR will increase with
decreasing temperature for the same value of R. Since it has been assumed
that all the Cd,'s are occupied by electrons, the preceding statement is equi-
valent to saying the removal rate increases with decreasing irradiation temp-
erature as observed by Cleland, et al (30).

2

Recalling that a° = 3 @ V), equation (30) gives

o, dR |g_q = alCaJ/dR |g.o = V
Since dnL/dR |R =0 is equalto nQ § , whose average value is 0. 75, Y is
also equal to 0.75. Before comparing this value of Ywith that calculated

in Chapter 2, it should be emphasized that any Te displacements produced

are not included in the Y derived from analysis of the results. Since more
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Cd than Te displacements are expected, a small number is added
to v = 0.75 so that a reasonable value of ¥ for both Cd and Te displace-
ments is one. Recall that the average recoil ene-rgy, E}r calculated by
Oswald (4) was 143 ev. Using E4 : 8 ev for CdS, Vis

Yy = Er = 143 ~ 9 displacement s/absorption
2E4 16

which does not agree with the experimental value of one. However, based

on our arguments concerning gamma ray correlations (see page 20)‘}7 was

calculated to be approximately one for E4 - 15 ev in CdTe. The fact |
that this agrees with the experimental value lends credibility to our pic-

ture of the recoil process in which only the first one or two gamma rays

impart a significant recoil momentum to the caqll4 nucleus.

The anomalous behavior of n at high temperatures (see Figure (11) and
page4b) after irradiation has not been reported by others for CdTe or CdS.
However, Klontz (60) found a similar effect in germanium which had been
irradiated with electrons at 0°C. Klontz attributed the anomalous behavior
to a complex defect whose energy level shifted when the charge state of the
complex changed. The shift resulted in pulling a new level out of the valence
band into the energy gap which, in turn, lead to a decrease in carrier con-
centration with increasing temperature, Although a similar explanation
might apply to CdTe, further evidence is required before this behavior
can be assigned to a particular complex defect in CdTe.

Another explanation for the anomalous behavior is that the single band
model does not adequately describe the Hall coefficient at higher tempera-

tures. In other words, conduction at higher temperatures may be due, in



11

part, to a second type of carrier which has a much lower mobility.

If this were the case, the high temperature region of the graphs of n vs
1/T would be incorrect because R would no 1ongef equal -1/ne. One
possibility is that free holes are present in addition to electrons since
the hole mobility is much lower than the electron mobility, However,
this possibility is rather remote because the generation of electron-
hole pairs is extremely small in the temperature range where the anom-
alous behavior occurs. A second explanation is that a higher sub-band
exists in the conduction band in whichlow mobility electrons reside.

As the temperature rises, this sub-band would become more popu-
lated and, for a constant n, the Hall coefficient would increase accord-
ing to the equation relating the Hall coefficient to the densities of the
high and low mobility electrons (61). An increase in Hall coefficient
with temperature would be equivalent to the anomalous behavior ob-
served in our results. Conduction by both low and high moblity elec-
trons accompanied by a reversal in the Hall coefficient has been ob-
served in GaSb and GaAs (61). When applied to our case, however,
this explanation meets with difficulty because the anomalous behavior
is not observed before irradiation. However, the ratio of the popula-
tion of the higher sub-band to that of the lower band depends only on
temperature. Therefore, we must postulate that thermal neutron
irradiation affects the structure of the conduction band so that the
population ratio is also irradiation dependent. Clearly, the anomalous
behavior of n is a rather complicated phenomenon and requires fur-

ther experimental and theoretical analysis,
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Another effect which is observed at high temperatures after long

irradiation times is the energy levelat E, - . 06 ev. When n-type
CdTe, which exhibits initially only s shallow donnr, is heat-treated in
Cd vapor at 900°C, the level at E, - . 06ev is revealed by Hall mea-
surements (55). The same result is obtained if the material is bom-
barded with 1. 5 Mev electrons (55). In addition, the defect responsible
for this level can be removed by annealing indicating that it is a
native defect. On the basis of the kinetics of electron capture at the
E. - .06 ev level, lLorenz (55) concluded that a double acceptor cen-
ter was responsible for this level. Because the CdTe must be fired
in Cd vapor to produce the double acceptor center, Woodbury (56)
concluded that the native defect responsible for the E, - .06 ev

level is the tellurium vacancy, He also found that the double acceptor
center is produced in much greater number when the material con-
tains halogen impurities. Woodbury concluded further that the double
acceptor is a tellurium vacancy bound to a halogen donor. He adopted
the term, "VX center' for this complex defect.

Unlike electron irradiation, the production of the VX center by
thermal neutron induced recoil is a rather weak effect which also
tends to confirm our hypothesis that more Cd than Te displacements
are produced.

We have attributed the decrease in ng to Cd,, production. However,
one would also expect the VX center, which is an acceptor, to cause

a decrease in electron concentration, Indeed, VX center formation
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by electron irradiation or heat treatment in Cd vapor results in a
general decrease in n (55). However, in these two cases, the VX
center dominates conduction after a much smallef decrease in n,

Recall that, in addition to the Te, (VX center), the Te; is also
capable of acceptor action in CdTe. This follows from our assign-
ment of the Te; to the level at E;, + . 06 ev observed by Lorenz (43)
after heat treating CdTe in Te vapor (see page 87), However, the
production of this center by thermal neutron irradiation is insig-
nificant-as will be confirmed by measurements on p-type CdTe and
also luminescence measurements,

In general, then, it appears that Cd,'s, Te's and Te;'s are
all capable of producing acceptor centers in CdTe, However, in
the case of thermal neutron induced recoil the Cd,, is the dominant
defect with respect to electron removal,

It is interesting to compare equations (18) and (19) (see page 23)
with the results of fast neutron birradiation of n-type CdTe., Recall
that for GE-200 and GE-231, the cadmium ratio was calculated as
7.1. Then, for GE-231, equation (18) gives Nth/Np = 28.7 while
equation (19) gives Nth/NF = 9.0. Before irradiation ng is 2.3
x 1015 cm~3 while ng is 0,4 x 1015 after the fifth irradiation of
GE -231. Therefore, ngth - 1.9x 1019 electrons/cm?3 are removed
in the first five irradiations which correspond to a total irradié-
tion time of 45 min. For equal irradiation times, assume that
ngth/ngF equals Nth/Np. Noting that the irr;adiation time for

GE -200 was 3. 8 hours, the number of electrons one would expect
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to remove withthis amount of fast neutron irradiation, based on equa-

tion (18), is

r_ (1.9 x10%%) (3.8)

= : = 3.5 x 1014 cm=3
°F (28.7 (0.75)

n

ngF as calculated from equation (19) would, of course, be about 3
times this value or 1 x 1019 em=-3, Inspection of Figure (16) indicates
that ne does not change as much as 3.5 x 1014, gf Nth/NF was greater
than 30.5, the predicted value of ngF would be smaller and more in
agreement with experiment. In fact, Nth/NF must be larger than

30 for this case because Np was calculated using data (Harris, et al
(15)) which are valid near the core, However C-3, the irradiation
position for GE-200 and GE-231, is approximately 12 in. or 30 cm
from the core face. At this distance, Harris, et al's data show

that the flux from 1 to 3 Mev is depressed and does not follow the
exponential variation with energy. Recalling that the most impor-

tant contribution to Np was due to 1 to 3 Mev neutrons, one can see
that the true N is much lower than the calculated value. As iﬁ—
dicated in Chapter 2, Np was calculated for the p-type samples

which were irradiated quite close to the core face. Although the
calculation does not agree with experiment, it shows the correct
trend. Also, it is in better agreement with experiment than

Nth/NF calculated from simple damage theory.

B. p-Type Cadimum Telluride

In general, the effect of thermal neutron irradiation on p-type

CdTe is similar to that in n-type CdTe. The hole concentration
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decreases with increasing irradiation time over the entire tempera-
ture range. The results for n-type CdTe were explained by
postulating the introduction of deep acceptors, pfimarily Cd vacan-
cies, but also Te vacancies (VX centers), However, for p-type
material, the introduction of deep acceptors several kT above the
Fermi level, Ef, will have a negligible effect on p, the hole con-
centration, while introduction of acceptors below Ef will result

in an increase in p. Consequently, one must conclude that
occupied states, that is, donors are also introduced. Since it

has already been established that no shallow donors are introduced,
the thermal neutron induced donors must be deep donors, pos-
sibly below the center of the band gap. These occupied levels

will act as hole traps thereby reducing the hole concentration.

The introduction of donors is a reasonable extension of the model
used to explain the electron removal in n-type CdTe. If isolated
Cd vacancies are present, one can assume that Cd interstitials,
which will act as donors, are also present, either as isolated
defects or bound to impurities or dislocations. It is possible

that, upon the production of a Frenkel defect, the Cd; could rap-
idly diffuse to the crystal surface. This is not probable, how-
ever, because of the high recombination rate during irradiation
which requires the presence of Cd interstitials. Also, the fact
that the Cdy's anneal out above 100°C (see Figure (22)) indicates

that Cdi's are present.
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Earlier, it was stated that the Cdy, Tei and Te,, are capable of
acceptor action in CdTe. Therefore, one might expect to see levels
due to these native defects after irradiation of p-type material. The
Tej possesses a level at E, +.05 * .01 ev (see page 87). The fact
that this level is not observed after irradiation of p-type CdTe tends
to confirm our picture of the recoil process in which Te defects
are produced in small quantities.

Several authors (35) (39) (54) have shown that the level of the
Cdy is atE|, + .15 evor E, + .20 ev. Recall that the p-type CdTe
samples are dominated by a level in this vicinity before irradiation
(see Figure (17)). Therefore, if the Cd,, is at Ey + .15 or .20 ev
and the Cd,,'s are introduced at a greater rate than Cdi's then one
would not expect p to decrease with irradiation. Or, if one assumes
that the introduction rate of Cdy's equals the introduction rate of
Cdj's, then each new acceptor (Cdy) would be compensated by each
new donor (Cdj) and p would not change very much with irradiation. _
Suppose, however, that the Cd; is capable of trapping two holes
(giving up two electrons). If this were true, there would be one
hole trapped for each Cd; introduced; that is, one hole from the
acceptor states which were present before irradiation. The first
hole trapped by the Cdi came from the Cd,, introduced with the
Cdj. In this case one would expect the hole removal rate to be

approximately equal to the electron removal rate for n-type
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CdTe. One can see that this is true by recalling that

dn?.
e = 0. 8 electrons/absorption
dR |R-0
while
dpr .
- = 1,0 = 0.2 holes/absorption
dR [ R=0

To recapitulate, it is postulated that the CdV possesses an energy
level at EV"‘ .15to .20 ev and that Cd;'s are introduced at the same
rate as Cd,'s. The Cdi's are deep donors which are capable of
trapping two holes,

The introduction of deep donors is confirmed further by the
mobility curves for the MH material (Figure(19)). Before irradia-
tion the mobility is inversely proportional to temperature which is
indicative of lattice scattering. After the first irradiation, however,
the temperature dependence is reversed. This indicates the pre-
sence of a large number of ionized scattering centers. Thermal
neutron induced Cdi's which have trapped holes and become posi-
tively charged can account for this change in mobility.

Recall that the comparison of the experimental Ny, /N with
the calculated Nyp /NF for n-type CdTe did not show agreement
because of the irradiation position. However, for p-type CdTe
the irradiation position corresponds more closely with the fast

neutron spectrum used to calculate equation (18) for Nth/NF-
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The Hall coefficient of sample MH-2, which was exposed to fast
neutrons only, does not change after the first irradiation (see Figure
23)). If the comparison between MH-1 and MH-2 is made after the

second irradiation, one is already in the region where annealing

during irradiation is significant. That is, dp/dR is less than dp/dR

at R = 0 (see Figure(21)). However, annealing during irradiation
was not taken into account in the derivation of equations (18) and
(19) (see page23) for Nth/NF‘ These equations were concerned
only with the generation of defects. Therefore, in order to make a
proper comparison, one must use dp/dR at R = 0; that is, the
straight line in Figure (24) is taken is the variation of p with R.
The equation of the line is

5.5 x 1019 - R

p

or

bp=p,-p=R

The average flux for the first two irradiations of MH-1 was

9.7 x 1011 neutrons/cm?2 . sec. The saturated activity is then |

_9.7x 10!l -1

3.73

Ay - Alg =2.6x 101! gm'1 sec

For the first two irradiations of MH-2, the average saturated ac-

tivity of the Cd covered gold foils is A,q = 2.4 x 1010 gm’1 sec™ 1,

Therefore, the cadmium ratio is given by



Using this value and the thickness of MH-2 (. 0492 cm) one obtains,

from equation (18),

Nth  _ (31.9 (10.6)
Ng (. 0492) (107)

= 64
To compare this value with experiment, one assumes that

Dpy, _ Nin
B

Nf

After the second irradiation, Apth =R =23.5x 1016 cm”3 for MH-1

and ApF = 0.6 x 1015 ¢cm=3 for MH-2. Therefore

Apth _ 3.5 x 1016

_ = 59
Ap .

0.6 x 1015
which agrees rather well with Nth/NF' However, Nth/NF calcu-

lated from simple damage theory (equation (19)) is only
N ° 127 Reg =(1.27) (11.6) = 14,7

The agreement between Nth/NF and Apth/APF can not be taken
too seriously. This follows from the fact that the connection be -
tween these two quantities is not a simple one. For example, the
following factors have not been taken into account:
1. The presence of ionizing radiation dufing thermal neutron
irradiation but not during fast neutron irradiation. How-

ever, this has been partially accounted far by ignoring

annealing.
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2. The imbalance between the production of Cd and Te defects
during thermal neutron irradiation,

3. The effect of large clusters of defects which result from
fast neutron irradiation,

C. Cadmium Sulfide

Comparison of Figures (9) and (26) shows that the variation of
n in CdS with thermal neutron irradiation is similar to that in CdTe.
Again, the anomalous behavior of n is observed at high temperatures
along with the formation after long irradiation of a level at E.-.085

ev. Woodbury (56) pointed out that this level is equivalent to the

E. - .06 ev level in CdTe (see pagell2) and is due to a S; bound to a
halogen donor. Hence, the level at E. - . 085 ev is the VX center
in CdS.

As in the case of CdTe, a non-linear variation of ng with R =
Eadt is also observed (see Figure (27)). An important difference
between CdTe and CdS is that the initial removal rate in n-type
CdTe is nearly an order of magnitude greater than that in CdS in-
dicating that a different mechanism may be responsible for elec-
tron removal in CdS. This possibility is confirmed by fhe inability
to fit ng vs. R for CdS with the function tanh (XR), used for CdTe,

As for CdTe, one also expects an excess of Cd defects to be
produced in CdS by the recoil process. Extending the analogy

further, the electron removal in CdS is also attributed to acceptor
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action by cadmium vacancies. In deriving the equation for [CdV]
it was assumed that [Cdy] ® [Cd;j] =~ 0atR = 0. However, it is
well-known that CdS is difficult to grow in exactly stoichiometric
proportions., Therefore, it is assumed that the CdS samples used
in this study contain a large excess of cadmium so that ECdiJ is
approximately constant during the early stages of irradiation when
removal from the shallow donors is important. The equation for
[Cdv] then becomes

d [Cdv]
dt

= & - @[Cdv:r

where & is the generation rate ( & -3 _§V) and@ is a constant which
is related to K (see page103) by,
B -k [ca] (32)

Integrating equation (31) and equating [Cdv:l to nk,

ng = & -exp | -
e (3 1 ep[ Za$R:l (33)

where the independent variable is now R = i.aa; t. Using two

experimental points from Figure (27), P is eliminated from
X .
equation (33) and ‘6‘ is found to be 4.5 x 1019, By taking the de-~
dng
rivative of equation (33) and applying the condition o 0 at
ng = ng, one can show that 0(/(3 = ng, similar to the case for CdTe

(see pagel08). Since nQ = 4.9 x 1013, there is some disagreement

between nQ and the experimental value of & /@ . The difference
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can be accounted for by competing processes, experimental error,
and variation in ECdi]'

To test the validity of equation (33), log (4.5 x 101° - nY) is
plotted versus R. The results, shown in Figure (41), indicate that
this equation adequately describes electron removal in CdS over the
range of irradiation shown on the Figure, This tends to confirm our
hypothesis that electron removal in CdS is due to isolated cadmium
vacancies in the presence of a large excess of cadmium interstitials,

The slope of the line in Figure (41) gives z%F =2.2x10°17

r

so that the equation for ng is

(34)

F 4 s 1ol (1 -2.2x10'17R>
Ng = 4. X - €

From the experimental data, Za$ is 6.9 x 1012 em™3 sec™!

and,
therefore, @ is 1.4 x 10"%, Assuming that K is the same order of

magnitude for both CdS and CdTe equation (32) gives
[ca,] = %

-4 -3
[ca] m~ L4x10°7 .1 45100 cm
I

10720
~ 107204 10 is value of [Cd.]
where K ® 10 is taken from page (100, This value o i
is characteristic of typical impurity concentrations,

Since X /@ = 4.5 x 1019 and = =9V,

$=4.5x1015((3 ) _ 4.5 x 101 x 2.2 x 10717 = 0. 099
a
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Fig. 41. Electron Removal in CdS Based on Constant Cadmium Interstitial
Concentration



124

This value of-\-’ agrees with the experimental value of the slope at
R = 0in Figure (27) and also with Cleland's (31) observation that the
removal rate in CdS is 0.1 (see page25),

Similar to CdTe, the VX center (see pag 112) is observed in CdS at
E. - .089 ev (see Figure (26))after long irradiation times, The VX
center (sulfur vacancy) is also formed in CdS which has been bombarded
with electrons, However, for electron irradiation, the VX center domina-
tes conduction after a decrease in n which is much smaller than that obser-
ved for the recoil process. This is in accordance with our hypothesis that
more Cd than S defects are created by the recoil process.

9. Luminescence Spectra in Cadmium Telluride

Because the edge emission in CdTe is very similar tc that in CdS,
both in character and in its response to thermal neutron irradiation, we
will adopt the model used for CdS to explain the edge emission in CdTe.
The CdS model adapted to the edge emission in CdTe is illustrated in Fig-
ure (42). Specifically we assume that the Pedrotti model is the edge emis-
sion mechanism in CdTe and the Te; is the edge emission center, It follows
that the Y series is due to recombination of a hole bound to a tellurium in-
terstitial with an electron bound to a shallow donor. The X series results
from a free electron recombining with a hole trapped at the Tei. Recall
that Lorenz (43) found a level at Eyy, + .05 to .06 ev in CdTe which had
been fired in Te vapor. Attributing this level to a Te; and assuming that
the shallow donor is the same one observed in the electrical measurements

(E. - .012 ev), the Y series emission band should be at
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Ey,':;Eg - EA -Ep =-1.605-0.06-0.012
~1.533 ev

While the X series should be at Ey + .012 = 1.545 ev. Both of these

values agree to within . 004 ev of the observed X and Y peak positions

(see Figure (30a)) which tends to confirm the model of the edge emis-

sion illustrated in Figure (42a).

In Chapter 2, we developed the hypothesis that Cd defects are pro-
duced at a much faster rate than Te defects. The discussion of the elec-
trical measurements given in this Chapter tends to confirm this hypo-
thesis. Consequently, if the Te; is the edge emission center and the
Cd,'s and Cd;'s introduced by irradiation are effective recombination
centers, one would expect to observe a decrease in edge emission with
irradiation. This agrees with the observed behavior and lends credibi-
lity to our model of the edge emission.

In the discussion of edge emission in CdS, three possible reasons
were given for the observed decrease in edge emission. These reasons
also apply to CdTe. The competing recombination at deep levels attri-
buted to Cd,,'s and Cd;'s introduced by irradiation has already been men-
tioned in the previous paragraph, Since no emission band was detected
which grew with irradiation, we assume that the deep levels associated

with the Cd,'s and Cd,'s are non-radiative recombination centers. This

competing process is illustrated in Figure (42b).
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The effect of thermal neutron ir- _
radiation on the edge emission in CdTe.

The fact that the X series is stronger than the Y series after long

irradiation times in both n and p-type CdTe is also explained in the same

manner as for CdS.

That is, the introduction of deep levels pulls the

Fermi level towards the center of the gap as shown in Figure (42b).

This, in turn, reduces the fraction of occupied donors which leads to a

decrease in intensity of the Y series.
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For CdS, it was also suggested that the edge emission centers
may be destroyed during irradiation. This possibility also exists
for CdTe.

To summarize, the observed behavior of the edge emission in CdTe
which is exposed to thermal neutrons can be explained by adopting the
Pedrotti model as the edge emission mechanism and the Tei as the
edge emission center,

There is some indication that the intensity of the X series of the
edge emission begins to increase after long irradiation times. This was
observed for MH-17 (see Figure (32) ) and for two n-type samples. It was
indicated earlier that Te defects are produced at a slow rate. After long
irradiation times when the behavior has stabilized and the Te; (proposed
edge emission center) concentration has had a chance to build up these de-
fects may begin to play a more important role.

The emission bands observed in the exciton recombination region
were discussed in detail in the last Chapter. However, the 1. 575 ev band
merits further discussion because it dominates the exciton recombination
region after long irradiation times. It is one of the few bands which does
not decrease significantly in intensity with irradiation. In addition, it is
seen in both n and p-type CdTe. For these reasons it is tempting to as-
sign this band to a native defect. Recall that from electrical measurements
and the work of others (35) (39) there is evidence that the cadmium vacancy
isat E + .20ev in agreement with the 1. 575 ev band (see page87). If

one makes this assignment, it must be assumed that the initial CdV
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concentration present in n-type material before irradiation is small
enough so that equation (27) for [CdV] still applies to the electrical
measurements, but large enough to give the 1. 575 ev band. This is
necessary because equation (27) (see page 104was derived on the basis
that [Cd,]=0 at R = oO.

One might look for further evidence of the Cd,, at Ey + .20 ev in
the low energy emission region. As [CdV] becomes larger, it is reason-
able to expect free electron recombination with a hole trapped at the Cd,.
This would occur at 1. 605 ev - 0.20 ev = 1,405 ev. Because of the pre-
sence of strong emission bands in this energy region in p-type CdTe the
expected emission band at 1. 405 ev would probably show up only in n-type
CdTe. Although the peaks in this region cannot be resolved for n-type
CdTe (see Figure (35) ) after moderate irradiation, there is some indica-
tion of the appearance of an emission band in this region as irradiation pro-
ceeds, Figure (32) shows that the 1.450 ev band decreases at the same rate
as the Y series of the edge emission for p-type CdTe. In contrast tp this,
the decrease in the 1. 415 ev band in n-type CdTe is negligible compared to
the decrease in intensity of the Y series (see Figure (36)). This may be
due to the appearance of a weak emission band, possibly at 1. 405 ev, in
this region of the spectrum of n-type CdTe.

An alternate interpretation of the Cdy is possible,‘ based on the emis-
sion band at 1. 450 ev which is seen in both n and p-type CdTe. In accord-
ance with Halsted's (42) observation that the 1. 450 ev band occurs in Cd

deficient CdTe, this emission band can be attributed to recombination of a
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free electron with a hole bound to a Cdy at E, +0.15ev. Since this
level is observed in p-type Hall samples before irradiation and the 1. 450
ev band is much stronger in p-type CdTe, one can postulate that the main
difference between the p and n-type CdTe is the presence of a large Cd,,
concentration in p-type CdTe before irradiation. However, the fact that
the Ey 4 .15 ev level is found in all samples may merely suggest that

it is due to an impurity which usually occurs in Cd or Te metal.

Other interpretations of the edge emission are also possible. Interpre -
tation of the edge emission based on the peak positions of the bands is com-
plicated by the fact that the Te; (Ey +.06 ev) is the same distance above E,
as the VX center is below E. (E. - .06 ev) Consequently, the peak posi-
tion of the X series could also be due to recombination of a free hole with
an electron at the VX center. This interpretation was given by Halsted
(62). Because the Te; is assumed to be paired with a donor and the VX
center also has a donor as one member, an interpretation similar to
Grillot's (47) might also apply (see page96). In any case, Te defects are
involved and one still reaches the conclusion that thermal neutron irradia-
tion should not result in an increase in edge emission intensity.

Because the emission spectrum is sensitive to surface effects one
needs to consider the possibility that oxidation may be responsible for
some of the changes observed. Indeed, samples that were irradiated in
polyethylene capsules during prelirﬁinary investigations were covered

with heavy, oily films after long irradiation. This film was soluble in
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HC1 as the oxides of Te are. The oily character of the film makes it
easy to recognize even a small amount on a cleaved surface. Therefore,
visual inspection was valuable in determining the presence of oxide film.
If such a film was seen, the sample was discarded. Halsted (63) has
studied the effect of oxides on the edge emission of CdTe. After treat-
ment in an oxidizing environment, the peak positions of the edge emission
shifted. However, a shift was not observed after thermal neutron irradia-
tion. Therefore, it is concluded that the influence of oxidation on the emis-
sion spectra was minor.

At this point, a comment on the introduction of 1127 might also be made.

Recall that an (nvt)yy, of 1016 cm™2 would result in approximately 3 x 1013

1127 nuclei/cms. However, Hall measurements show that practically all
the electrons (2 x 1019 cm'3)‘ are removed in an n-type sample after an
(nv’c)th of only 1015 neutrons/cm?2, Consequently, this effect is assumed

to be an insignificant one.

10. Suggestions for Further Experiments

Additional experimental work is required to produce further clarifica-
tion of the effect of thermal neutron induced recoil on the properties of CdS
and CdTe. Clearly what is needed is a coordinated effort in which the
effects of thermal neutrons are compared with the effects produced by
other types of irradiation and variations in stoichiometry. In particular,
it would be interesting to study the effects of electrons and heat treatments

on the emission spectrum of CdTe. Also, much valuable information could
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be obtained by doing low temperature irradiations and eliminating the

effects of annealing, Because of the shorf mean free path of thermal
neutrons, measurements which can be done as a function of depth into the
material, emission spectra, for example, should also provide a great deal
of information. However, this would require exceedingly uniform and homo-
geneous material. Valuable results would also be obtained by repeating

the experiments described herein on very pure or intrinsic CdTe.

Another interesting experiment, originally suggested by Oswald (64),
would be to perform Colbow's (50) measurement (see page 97 on the red
center in CdS and the edge emission in CdTe. In the case of CdS, this
experiment could be performed as a function of irradiation time. One
could then study the pair separation, r, at a certain time after the excita-
tion flash as a function of irradiation., These experiments would reveal
whether or not the emission band studied is due to a bound-to-bound transi-
tion. If it is, the variation in r would give information about the concentra-

tion of defects introduced as a function of (nvt)th.
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